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Abstract
MTSL is the nitroxide spin label that is most commonly used in site-directed spin
labeling. However, due to rotation of its gem-dimethyl groups that average anisotropic
interactions, Tm becomes short above about 70 K and this makes DEER experiments
difficult at these temperatures. Strategies for decreasing spin echo dephasing and electron
spin lattice relaxation rates are important for design of nitroxide spin labels and molecular
qubits.
In searching for labels with longer Tm, new nitroxide spin labels devoid of gemdimethyl groups or with more rigid structures were synthesized at the University of
Nebraska and pulsed EPR measurements were done at the University of Denver. In
nitroxides without gem-dimethyl groups longer Tm values were obtained, and no methyl
rotation enhancement was observed. Other strategies for lengthening T m were explored,
including the addition of organic macromolecules that form inclusion complexes with
nitroxide radicals. For example, in the presence of beta-cyclodextrin (β-CD) and cucurbit
[7] uril (CB7) longer Tm and narrower distance distributions were obtained by DEER at 80
and 160 K.
To gain insight into processes that govern electron spin relaxation, variable
temperature measurements of Tm and T1 were conducted between about 4.5 and 260 K for
nitroxide radicals, 4.5 to 160 K for V(IV) vanadate complexes, and 4.2 to 60 K for
ii

manganate ion. 1/T1 was modeled with a sum of direct, Raman, and local mode processes
for nitroxide radicals, V(IV) vanadate complexes, and manganate ions in rigid lattice
environments.
Tm was measured by two pulse spin echo and data were fit with a single or stretched
exponential. Nuclear spin diffusion dominates 1/Tm between 4 and 60 K in nitroxide
radicals. Methyl rotations and motional modulation of anisotropy drive 1/T m at higher
temperatures. In V(IV) complexes, methyl groups on the R3NH+ counterions dominate Tm
when they are close to the V(IV) center as observed in (Et3NH)2[V(C6H4O2)3] and (nBu3NH)2[V(C6H4O2)3]. Beyond 10 Å, their impact becomes minimal and 1H diffusion
dominates relaxation at low temperatures as seen in (n-Hex3NH)2[V(C6H4O2)3] and (nOct3NH)2[V(C6H4O2)3]. In MnO42- in glassy alkaline LiCl, Tm is dominated by 1H nuclear
spin diffusion at low temperatures and driven by T 1 as the temperature increases.
Methods for fitting T1 inversion recovery curves were compared in nitroxide
radicals, V(IV) vanadate complexes, [4Fe-4S] + clusters, and irradiated boron oxide glasses.
In the absence of very wide T1 distributions, T1 can be fit with either a sum of two
exponentials or a stretched exponential. The presence of strains in [4Fe-4S]+ or other
species such as defects produced from irradiation in B2O3 glasses leads to very wide
distributions in T1. Unless there exists a pre-existing physical model, a model-free
distribution termed Uniform-Penalty Inversion of Multiexponential Decay (UPEN) is
preferred. A stretched exponential decay is appropriate for fitting T m when it is dominated
by nuclear spin diffusion or a dynamic process such as methyl rotations. Motional
modulation of anisotropy drives Tm at high temperatures and Tm can be fit with a single
iii

exponential decay. The observation that longer Tm values are obtained in nitroxide radicals
devoid of methyl groups and vanadate complexes with methyl groups farther away from
the V(IV) center may guide future improved molecular design.
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Chapter 1: A Brief Introduction to EPR with Illustrations from Experimental Data
1.1 Background
Electron paramagnetic resonance spectroscopy (EPR) is an increasingly popular
technique in the fields of chemistry and biochemistry [1]. Crucial information about the
environments around an unpaired electron can be obtained [1] by placing the sample in a
magnetic field and studying it via Continuous Wave (CW) and pulsed EPR. These methods
generate information about the g factor, hyperfine couplings, electron spin relaxation, and
recently the measurements of distances distributions and conformational changes in
proteins [2-3]. Historically, EPR has been less widely used than Nuclear Magnetic
Resonance (NMR) because it requires the presence of one or more unpaired electrons,
which is energetically favorable only for certain environments. Therefore, only a small
number of molecules show EPR signals.
The most widely used techniques for obtaining structural information on proteins have
been NMR [4-6], X-ray crystallography [7-8], and more recently cryo-electron microscopy
[9-10]. Despite the popularity of these techniques, they each have some limitations. For
example, solution NMR suffers from size limitations where only <~35KDa size proteins
may be studied [11]. Obtaining information using X-ray crystallography requires the
crystallization of the sample which is not always possible and cannot provide dynamic
1

information. Recently, the advent of single-particle cryo-electron microscopy (cryo-EM)
permitted analysis of larger size proteins up to hundreds of megaDaltons but challenges
still remain [12].
DEER (double electron-electron resonance) has emerged as a new technique that can
be used to study proteins with arbitrary complexity and size [2-3]. The technique is based
on site-directed spin labeling (SDSL) where two nitroxide radicals (spin labels) are
attached at different sites in a protein. The measurement of a magnetic interaction between
these spin labels can then be converted to a distance or distance distributions [13]. Since
DEER is a technique that is still in its infancy, there is a lot of effort going on to optimize
the method and measurements, improve sample preparation, data analysis, and spin labels.
A major part of this dissertation focused on investigating and studying improved spin
labels. This study was a collaborative work where the synthesis of spin labels was
performed at the University of Nebraska in the laboratory of Prof. Andrzej Rajca, and
attachment to T4L mutants was performed at Vanderbilt University in the laboratory of
Prof. Hassane Mchaourab.
This dissertation is organized as follows. Chapter 1 gives introductory concepts in EPR,
including examples from spectra that I obtained and analyzed. Chapter 2 presents and
discusses Tm for various nitroxide spin labels and a comparison is made with S(1-oxyl-2,
2, 5, 5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanethiosulfonate (MTSL) to
show that the improved design indeed increased T m compared to traditional MTSL. In
addition to the improved design of nitroxide labels, this chapter also discusses other
strategies that may be used to increase Tm such as the use of organic macromolecules that
2

form inclusions with nitroxide resulting in an increase of Tm. In Chapter 3, distance
distributions obtained by using these improved nitroxide spin labels are presented. In
addition, this chapter demonstrates that narrower distance distributions can be obtained by
adding organic macromolecules that form inclusion complexes with nitroxide spin labels
that result in reduced conformational dynamics of the spin labels or proteins. Chapter 4
discusses the temperature dependence of electron spin relaxation for nitroxide spin labels,
and vanadate complexes to gain insights into processes and mechanisms that govern
electron spin relaxation. Since experimental electron spin relaxation curves can be fit with
different models, this chapter also explores the implications of fitting models on electron
spin relaxation Tm and T1 time constants, especially in samples where large distributions
may exist such as in iron-sulfur cluster proteins. Chapter 5 is about probing electron spin
environments by Electron Spin Echo Envelope Modulation (ESEEM) while Chapter 6 is a
summary and future work. Occasionally, there will be introductory topics at the beginning
of some sections. These may not be the focus of the dissertation and are only meant to give
a background or introduce the reader to what is about to be presented in the chapter. EPR
spectroscopy is a field that is still rapidly evolving. The literature cited in this dissertation
is only meant to guide the reader to the introductory concepts related to the discussion, but
it is not intended to be comprehensive in any way. Where I had to be selective, my choice
was influenced by own interest rather than any judgment of the importance or quality of
the cited articles or those I have left out.
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1.2 Introduction to Theory of Electron Spin in a Magnetic Field
A rigorous theory of EPR must be based on quantum mechanics because it is the
quantum objects that are involved on a microscopic level. Because such advanced quantum
mechanics treatments are outside the scope of this dissertation, only a phenomenological
introduction is presented. Although EPR experiments are performed on an ensemble of
spins whose total magnetization is manipulated by static or time dependent magnetic fields,
explanations are sometimes discussed for individual spins. For a classical description of
the electron spin vector model, the reader is referred to ref [14]. An electron spin has an
intrinsic angular momentum termed ‘spin’ and its spin quantum number is S = ½. If the
electron is placed in a magnetic field oriented along Z in the laboratory frame, there will
be two possible energy eigenvalues corresponding to two magnetic quantum numbers m s
= ±1/2. Fig.1.1 shows an energy level diagram for an electron spin in a magnetic field.
Initially, when the field is zero, there is a degeneracy of the energy levels, and no signal
can be measured. However, as the field is increased, the energy separation increases and
on resonance, absorption of the microwave energy takes place and generates an EPR signal.

Figure 1.1 Energy levels of an electron spin in the presence of a
magnetic field.
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The energy difference is proportional to the magnetic field. The relative populations of the
energy levels are described by a Boltzmann distribution that is given by:
=𝑒



eq. 1.1

where Nupper represents populations in upper level (spin parallel to the main field), N lower:
population in the lower level (spin anti-parallel to the main field), h is Plank's constant, 
is the microwave frequency, k is the Boltzmann constant, and T is temperature. Eq. 1.1
shows that the population difference depends on temperature and microwave frequency.
The intensity of the EPR signal is proportional to the difference in populations. Thus, the
signal to noise in EPR spectroscopy can be increased by working at lower temperatures
and higher frequencies assuming an appropriate microwave source, resonator, and detector
are used.
Spin resonance is achieved when the energy difference ∆E is equal to hʋ as shown
in Fig.1.1 or in other words when
h= gßeBo.

eq. 1.2

where g is the g factor which varies among chemical molecules and acts as a fingerprint of
a molecule. The g of a free electron is ge = 2.00231930436153 and it is one of the most
accurately known physical constants [15]. The actual g values in a molecular environment
will deviate from ge due to spin-orbit coupling. A wealth of information can be gained by
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investigating the g value deviations from ge and it is the basis of EPR experiments. ße is
the Bohr Magneton and reflects the magnetic moment of an electron, Bo is the external
spectrometer magnetic field.
1.3 Hyperfine Interaction
a) Isotropic case
Hyperfine interactions arise when the electron spin interacts with surrounding nuclear
spins causing further splitting of energy levels and this makes the EPR spectrum more
complex. Chemists are generally interested in two main pieces of information from EPR:
g values and hyperfine (A) values, though electron spin relaxation can provide valuable
information to advanced practitioners. A single electron in a magnetic field as shown in
the energy level diagram of Figure 1.1 would generate a single-line spectrum, in the rapidtumbling isotropic regime. However, in the presence of nuclear spins interacting with the
electron spin, other energy levels are obtained leading to more transitions and thus more
spectral peaks as shown in Fig. 1.2. The selection rule is Δms = ±1, ΔmI = 0. The diagram
on the right shows that the signal goes from being a single peak to three peaks. The splitting
between the center and outer lines is the hyperfine constant A.
Generally, given a nucleus with the nuclear spin I, the electron spin resonance will be
split into 2nI+1 peaks where n is the number of equivalent nuclear spins. In the isotropic
regime, these interactions will create a pattern of equidistant lines and the whole spectrum
will be centered at the position where the signal would be in the absence of the interactions
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as shown in Figure 1.2. The diagram is for a single electron spin (S = 1/2) interacting with
a single nuclear spin of I =1 such as 14N.

Ms
Ms

Figure 1.2 Hyperfine splitting for S=1/2 and I =1 in isotropic regime.

Depending on the number of nuclear spins present and the strength of hyperfine
interactions, the spectrum can become more complex, and such is an example of a boron
radical shown in Fig.1.3. The CW spectrum of this radical in fluid solution is shown in
Fig.1.4 with multiple hyperfine structures from 1H (I =1/2), 19F (I =1/2), and natural isotope
B (mixture of 11B and 10B).
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F
Figure 1.3 Structure of the boron (C6F5)2B(O2C14H8)
radical discussed in this chapter. For natural abundance, 1
contains 10B and 11B. For isotopically enriched radical, 1
contains 10B. Adapted from [16]

The nuclear spin for 10B is I = 3 and that for 11B = 3/2. Since the electron spin is
delocalized over the entire molecule, there is further splitting from 1H and 19F leading to
multiple resolved hyperfine interactions. This is an example of a rich CW spectrum with a
wealth of information where significant knowledge about the nature of the radical can be
obtained by spectral simulation of the spectrum. For example, in this case, spectral
simulations showed that the spin density on Boron is small and delocalized over the entire
molecule thus leading to the complex hyperfine structure shown [16]. The nuclear
hyperfine couplings obtained by analysis of the spectrum are 2.246, 2.190, 0.650, 0.629 G
for H (1,8), H (3,6), H (2,7) and H (4,5) respectively and 0.371, 0.313, 0.270, 0.115, 0.053
G for F(4a, 4b), F(1a,1b), F(2a,2b), F(5a,5b) and F(3a,3b) respectively. The hyperfine
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constant for the natural abundance for B was 3.19 G and 1.068 G for
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B. The details of

the spectral simulation and analysis are in [16].

Figure 1.4 X-band CW spectrum at 293 K of 0.1 mM boron radical
(C6F5)2B(O2C14H8) in toluene.

When the nuclear spin is large (I > ½) or if there are interactions of many nuclear
spins, EPR spectra become more complex. To simplify the spectra, sometimes isotopic
substitution is performed. This consists of replacing one or more nuclei with nuclei with
different nuclear spins, leading to changes in spectral lines. A requirement that simulations
be consistent with spectra with both sets of isotopes is a tighter constraint on parameters
than with either set alone. An EPR spectrum of the same boron radical (C 6F5)2B(O2C14H8)
in Fig.1.3 enriched with 10B, is shown in Fig 1.5. There are spectral changes compared to
the one shown in Fig.1.4 and most importantly, the spectrum looks quite simpler to the one
9

before 10B enrichment. Due to these spectral changes that simplify the fine structure of the
spectrum, it may be easier to simulate the spectrum shown below. Because there are other
spin interactions and factors that may still make the spectrum complex, isotopic
substitution may not always produce simpler spectra. It is helpful in a context that during
simulations, parameters that are obtained are unambiguously interpreted and assigned to
the spin system under study without uncertainties from other spin interactions.

Figure 1.5 X band room temperature CW spectrum of boron radical
(C6F5)2B(O2C14H8) enriched with 10B.
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b) Anisotropic case
Electron distribution in paramagnetic centers may assume any symmetry other than
cubic (e.g axial or rhombic) and therefore, the g and hyperfine interactions for most
paramagnetic species will depend on the orientation of the molecule relative to the direction
of the magnetic field and this is the origin of anisotropy [17]. For example, in a crystal of
a nitroxide radical, three molecular axes are designated as X, Y, and Z and they are called
principal axes [18]. The definitions of the magnetic axes for a nitroxide are shown in
Fig.1.6. The vector labeled as Bo is the orientation of the external magnetic field relative
to the nitroxide axes. Ɵ is the angle between B0 and the molecular Z axis and Փ the angle
between the X axis and the projection of B0 onto the XY plane.

Figure 1.6 Definition of molecular axes in CW EPR. Adapted from
[18]

11

If the crystal is successively rotated to make the field B0 be along each principal
axis, a different type of spectrum with respect to the hyperfine splitting and g value can be
obtained [18] as shown in Fig. 1.7. When Bo is parallel to the molecular X axis, the
spectrum that resembles (A) in Fig. 1.7 is obtained while (B) is obtained in a case where
Bo is parallel to the Y axis of the molecular frame.
For those molecules with BO at intermediate orientations relative to the molecular
axes, the resonance will also occur at positions that are intermediate between the peaks
shown in Fig.1.7. This means that the spectrum will become more complex as molecules
randomly orient in the magnetic field. For example, if a nitroxide radical crystal is crushed
to form a powder sample or a nitroxide radical is immobilized in a solvent mixture that
forms a glass as is commonly done in many EPR experiments, a powder spectrum that
reflects the superposition of all those orientations will be obtained (spectrum in Fig1.7D).
Spectrum D has a non-zero intensity between the center line and the two extreme peaks
that are emphasized in the first-derivative display. This means that all molecules in these
intermediate orientations will also contribute to the spectrum in the powder spectrum
contrary to the crystal spectrum in C where there is no intensity between successive peaks.
Therefore, in polycrystalline powder or frozen samples where all orientations are possible
and probable, the anisotropy will cause the resonance lines to spread over a field range
determined by gx, gy and gz and the anisotropic hyperfine interaction.
The shape and the complexity of the spectrum will vary depending on the spin
system, hyperfine interactions, molecular orientations that dominate the spectrum, the
spectrometer frequency used to record the measurements among others. Due to this
12

complexity in anisotropy, the interpretation of EPR spectra is often difficult and not
straightforward. Throughout this dissertation, the reader will encounter several solid-state
EPR spectra with different shapes and complexity. The anisotropy in those spectra can
simply be understood as a superposition of individual spectra from randomly oriented
molecules in the magnetic field when samples are frozen in glassy or rigid lattice
environments.

A

B

C

D

Figure 1.7 Simulated X-band powder spectrum of a nitroxide radical showing the
anisotropy. Adapted from [18]

Without the hyperfine interaction, EPR spectroscopy would be almost mundane as
only limited information can be obtained about the sample. Most EPR parameters of
13

interest are obtained by computer simulation of fluid or solid state EPR spectra. For
example, simulation of solid state spectra permits the determination of the number of
equivalent or inequivalent interacting nuclei, the spin density distribution in a molecule,
and principal hyperfine constants. The g and hyperfine values in the isotropic regime are
the average of the anisotropic values. Finally, as will be shown later, most of the advanced
pulse EPR techniques are feasible when samples are frozen to prevent the averaging of
anisotropic interactions.
1.4 An Introductory Overview of Other Spin Interactions
The spectra presented so far show that the linewidth is not infinitesimally small
because there are unresolved hyperfine splittings and other interactions that may cause line
broadening and sometimes lead to unresolved spectra from which it is difficult to gain
insightful information. The hyperfine interaction perturbation introduced above is not the
only existing perturbation of the Zeeman interactions and there is a multitude of other spin
interactions. A primer to some spin interactions relevant to my projects is given below.
1.4.1 Zero-Field Splitting
A spin system with n free electrons will have S = n/2 leading to spin multiplicity of
Ms = 2S+1 where Ms equals the number of spin energy levels. Unlike the Zeeman
interaction, this spin interaction will be present without the influence of an external
magnetic field, and it is termed zero-field splitting (ZFS). Therefore, ZFS leads to
additional extensive fine structures in the CW spectra, and it may become hard to interpret
the spectra in which this interaction is dominant [19].
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An example of a transition metal with ZFS is an ethylenediamine Cr (III) complex
shown in Fig.1.8.

Figure 1.8 Structure of a Cr (III) ethylene diamine complex.
Adapted from [20]

In collaboration with the laboratory of Dr. Zadrozny, we investigated the low
frequency (1.095 GHz) EPR of a series of Cr+3 with different ligand structures [20]. Like
other Kramer’s systems (S =1/2, 3/2, 5/2..), only certain Kramer’s doublet pairs whose
energy separation is within the spectrometer frequency can be observed. Often, the EPR
spectroscopy of these systems is dominated by the central transition energy between the
Ms = ±1/2 states giving a spectrum that effectively resembles an “S=1/2” spin system or a
mixture of S=1/2 and 3/2 depending on the transition probability of energy states as
observed in this study [20].
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Fig.1.9 shows a simulation of the most probable energy transitions within the field
range (0- 80 mT) of the L-band spectrometer used in this study and a possible assignment
of those energy states to the CW spectrum intensity obtained for this complex. As
mentioned above, Cr(III) is S= 3/2 in this complex. A simulation of possible energy states
was performed assuming a case where the field is parallel to the molecular Z axis (top panel
in Fig.1.9) and perpendicular to the molecular axis (bottom panel). It was assumed that
signals from other orientations would occur at intermediate fields. An experimental CW
EPR spectrum is shown in the middle panel of the figure. It was demonstrated that the low
field intensity near 25 mT in the EPR spectrum stems from M s =±1/2 character with a
contribution from Ms = ±3/2. The high field transition around 50 mT is purely from Ms =
±1/2.
Again, the statement “effective S =1/2” in these systems means that the EPR spectra
of systems with an odd number of unpaired electrons (Kramer’s systems) will be similar
to the spectra of systems with a single electron S = ½ due to the transition between the M s
= ±1/2 states dominating the spectrum. This means that the CW spectrum shown in this
figure can in principle be simulated either by setting S = 3/2 or S = ½ although the accuracy
may be different due to the mixture of energy states that contribute to the signal.
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Figure 1.9 Simulation of energy diagrams in a Cr (III) complex with ZFS
at L band frequency (~1.0 GHz) and assignment of the energy transitions
to the experimental CW spectrum. Adapted from [20]

The presence of ZFS may cause large anisotropy in the EPR spectra giving rise to
very broad unresolved line shapes (Fig.1.10) covering a wide range of magnetic fields [21].
For example, the CW spectrum (middle panel) shown in Fig.1.9 has a non-zero intensity
between 10 mT and 75 mT and between 5 and 50 mT for Fig 1.10 shown below.
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Figure 1.10 CW spectrum of Cr (III) at 1.095 GHz at 80 K in
ethylene glycol (1: 1 v/v)

There is an instrumental background in the spectrum shown in Fig 1.10 and this
background cannot be adequately subtracted without distorting the spectrum. The
broadening often observed in these spin systems makes the simulation of the spectra
difficult and causes large uncertainty in the extracted simulation parameters. As concluded
from this study, simulation of EPR spectra required the inclusion of g strains, and this
means that instead of having accurate and defined g value parameters, there is instead a
distribution of many possible values. The utility and interpretation of g values and how g
strains can cause the broadening of the EPR spectra are special topics that will be revisited
in sections 1.6 and 1.8 respectively.
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1.4.2 Nuclear Quadrupole Interactions
When there is a substantial electric quadrupole moment in a nucleus with I>1/2,
there will be an interaction between the nuclear spin and the surrounding electric field
gradient giving a tensor termed nuclear quadrupole coupling tensor that will have three
principal values (P1, P2, P3) corresponding to the three main principal axes, respectively.
The nuclear quadrupole tensor is the result of uneven charge distribution in non-symmetric
orbitals. For axial symmetry, P3 = eQq/[2I(2I-1)] where eQ represents the quadrupole
moment, q is the electric field gradient, and I is the nuclear spin. These interactions can
strongly influence EPR signals producing complex spectra either resolved or broadened
[22]. Quadrupole interactions are rarely seen in CW spectra because for most systems, they
are not resolved, and their effect is very small unless they are comparable in magnitude to
the Zeeman interaction [23]. Therefore, their effect is generally neglected in simulations,
and interpretation of data can be made by the usual perturbation theory unless they have a
large effect on the spectra in which case an exact diagonalization of the Hamiltonian must
be made [24]. Advanced pulsed EPR techniques are the most suitable methods for gaining
insights into quadrupole interactions [25-26]. When significant, they may accelerate echo
dephasing causing the nuclear modulations to damp out faster. This interaction was
observed in the electron spin echo envelope modulation (ESEEM) of vanadate complexes
discussed in chapter 5 and was required to accurately simulate the intensity decay of the
echo modulation. It was also studied in the boron radical (Fig. 1.3) and the results are
presented in Chapter 5.
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1.4.3 Electron Spin-Spin Interaction
When there are two paramagnetic centers in close proximity to each other, there will
be a spin-spin interaction. The electron-electron interaction may stem from two electrons
located on the same atom or two neighboring atoms. The main resulting interactions
between the spins are the exchange coupling J and dipole-dipole tensor D. When present,
this interaction can increase the anisotropy and broaden the spectrum. Depending on the
type of interaction and distance between the spin centers, the electron-electron spin
interaction can be very informative. For example, it is the basis for the popular electronelectron double resonance spectroscopy (DEER) for measuring distances between sites and
conformational changes in proteins [1-13] discussed in chapter 3. Other times, its existence
may become undesirable where it can cause spectral broadening thus leading to difficulty
in the interpretation of data [27].
1.5 The CW EPR Experiment
CW EPR remains the most widely used method for obtaining information about the
spin system such as the hyperfine coupling, linewidth analysis, and preliminary
optimization of the experiment. The CW EPR experiment is performed at a fixed frequency
 while varying the magnetic field, Bo. The common frequencies used are X Band (9 – 10
GHz), K-Band (24 GHz), Q-Band (30-35 GHz), and sometimes higher frequencies such as
W-Band (94 – 95 GHz). The microwave frequency is produced in the microwave bridge
and sent into a resonator where it forms a standing wave. The homogeneous magnetic field
is produced by the main magnet (Fig.1.11).
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Modulated
signal

Figure 1.11 A simplified block diagram of an EPR experiment. Adapted from
[28]

To improve the signal to noise, the magnetic field is modulated, typically at 100
kHz) by passing a current through an auxiliary set of coils. Figure 1.12 shows the field
modulation Bm which in turn leads to the modulation of the detected output current (i). The
recorded spectrum is the derivative of the absorption signal. This method is called phasesensitive detection [29] and is desirable because it reduces the effects of 1/f noise while
enhancing the poorly resolved features that might otherwise be unresolved in the
absorption spectrum.
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Modulated detector output

Field modulation
Figure 1.12. Illustration of magnetic field modulation. Adapted from [29]

There are some precautions that must be taken to ensure the quality of the spectrum.
For example, if the modulation amplitude becomes larger than the linewidth of the
narrowest feature in the signal, this will broaden the spectrum causing a loss of resolution
[29]. In addition, if the natural linewidth of the spectrum is very narrow, the modulation
frequency may be observed as sidebands in the final derivative spectrum [30]. Spectra
reported in this dissertation were recorded with modulation amplitude that is low enough
that the lineshape is not broadened such as the CW spectra shown in Fig.1.4 and 1.5 for the
boron radical. Fig 1.13 compares two CW EPR signals where one spectrum is overmodulated and another spectrum is properly recorded following the best practices for
recording a good CW spectrum.
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Fig. 1.13 An example of an over-modulated boron radical (C6F5)2B(O2C14H8) CW
spectrum (top, modulation amplitude and frequency =1.5 G, 100 kHz) vs a properly
recorded spectrum (bottom, modulation amplitude and frequency= 0.05 G, 40 kHz).
The shift in resonance positions between the top and bottom spectra is due to different
resonator frequencies.

It also is crucial to perform CW EPR experiments at a microwave power B 1 that is
low enough to avoid saturation of the spin system, which is defined as the range in which
the signal responds linearly to an increase in B1. To define the non-saturating range, the
signal is recorded for a series of microwave powers and a plot of the spectrum intensity as
a function of the square root of power is created. Fig 1.14 is an example of a power
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saturation curve for a coal sample. B1 is proportional to the square root of the microwave
power. The solid red line shows what the linear response regime would be and the
microwave powers appropriate for recording a non-saturated spectrum.
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Figure 1.14 A power saturation curve for a coal sample at X band.
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1.6 Interpretation of g values in EPR
1.6.1 Introduction
In section 1.3, it was shown that the hyperfine structure is a piece of very important
information that is sought in EPR spectroscopy. In addition to the hyperfine, the g values
are crucial parameters in EPR in providing a wealth of information about the nature of
paramagnetic species. This section is a brief overview of the interpretation of g values in
EPR.
The g matrix has three principal values denoted (gx,gy,gz). These values will deviate
from ge depending on the magnitude of the spin-orbit coupling (SOC). Also, there will be
a deviation of g values from ge if the excited state is very close to the ground state [28].
These properties explain why the g values are very sensitive to the electronic structure of
molecules and why it is a reliable spectral fingerprint of many molecules. SOC is generally
expressed in cm-1 and increases as the nuclear charge Z increases [28].

1.6.2 g values in Free Radicals
In an organic free radical, the electron is delocalized on lighter atoms such as O, N,
and C that have relatively small SOC [28]. Data in Table 1.1 show that the spin orbitcoupling is small for lighter atoms and dramatically increases when the electron is
delocalized onto heavier atoms such as Cl due to an increase in the nuclear charge Z.
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Table 1.1: Spin-orbit coupling of atoms in organic molecules (adapted from 28)
Atom
C
N
O
F
S
Cl

SOC (cm-1)
29
76
151
272
382
587

Z
6
7
8
9
16
17

The increase in spin-orbit coupling as Z increases implies that the principal g values
will deviate more from ge in heavier atoms than lighter atoms as shown in Table 1.2. Data
in this table show that when the electron spin density is on C, the mean of the three g values
is reasonably similar to ge. However, the deviation increases in pheophytin where the
electron becomes delocalized onto heavier N and a subsequent increase in semiquinone
and tyrosine where O has more the electron spin density and is heavier than N [31].
Table 1.2 Principal g values for radicals in photosystem 2 determined by high-field EPR.
(Adapted from 31)
Radical
Carotenoid
Pheophytin
Semiquinone QA
Tyrosine D

gx
2.0032
2.0042
2.0061
2.0076

gy
2.0025
2.0032
2.0051
2.0043

gz
2.0021
2.0024
2.0021
2.0021

Mean
2.0026
2.0033
2.0044
2.0047

1.6.3 A Practical Example with a Trityl Radical
Trityl radicals (Fig.1.15) are examples of paramagnetic species with low spin-orbit
coupling. For example, trityl CD3 is a deuterated Finland trityl (dFT) radical shown in
Fig.1.15. Their giso (mean of the three g values) approaches ge [32]. The linewidths are
very narrow because there are few nuclear spins in the immediate vicinity of the unpaired
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electron and even the remote locations are deuterons with small magnetic moments, instead
of protons.

Figure 1.15 A deuterated (R= CD3) trityl radical.

The deuterated trityl radical was provided by Prof. Benoit Driesschaert of West
Virginia University and EPR measurements were taken at the University of Denver on an
aqueous 0.3 mM sample that had been evacuated to remove oxygen and sealed. It is useful
to evacuate samples and remove paramagnetic O2 which has been shown to increase
linewidths and enhance electron spin relaxation of molecules in its environment [33].
Because of the narrow lines of the signal, even slightly elevated microwave powers easily
broaden the line. Therefore, a very low modulation amplitude and very small powers were
used to record the spectrum.
Fig.1.16 shows the X Band CW spectrum and simulation for 0.3 mM trityl CD 3 in
water recorded at room temperature. There is natural abundance

13

C with I = ½ at each

position of the aromatic rings. The simulation of the CW spectrum included the
predominant isotopomer with only 12C and isotopomers with 13C on the phenyl rings, which
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are the source of the satellite lines. The total intensity of the small satellite lines is about
30% of the central 13C line. The simulation was obtained with 13C hyperfine couplings of
Aiso = 2.3 mT (central 13C), pairs of 1.0 mT (1-Phenyl 13C,), 0.96 mT (2,6-Phenyl 13C,13C),
0.28 mT (4-Phenyl 13C,13C), 0.25 mT (3,5-Phenyl 13C, 13C) and a single 0.14 mT (13 C from
a COO-), which are close to those reported in [34] from X band and 250 MHz spectra or
calculated by DFT. The uncertainty in the couplings was not estimated. The giso is 2.0028
and very close to ge, which indicates that spin-orbit coupling in these trityl radicals is small

Norm. Int [a.u]

compared to other species that contain heavier atoms.

Figure 1.16 X Band CW spectrum of 0.3 mM trityl CD3. Blue is experiment
and red is simulation.
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1.6.4 g Values in Selected Transition Ion Complexes
In mononuclear complexes with cations that have incomplete 3d, 4d, or 5d
subshells, unpaired electrons are primarily localized on the metal cations and these have
larger spin-orbit coupling compared to organic radicals [28,35]. For cations in the first
transition series, the values for spin-orbit coupling constants are shown in Table 1.3. Since
excited states and ground states (d-d transitions) in these metals tend to be very close in
energy, the difference between their giso and ge may be significant depending on the ligand
environment.
For example, in the high-field situation (electron Zeeman interaction >> nuclear
Zeeman interaction), the expression for the principal values of the g matrix is produced by
ligand field theory and is given by gi = ge + Δgi where Δgi = - λ/Δi i = x, y, z where λ is
linked to the spin-orbit coupling as λ =± SOC /2S. Δi is a positive difference that is small
when the excited state is very close to the ground state [28].
When the 3d shell is less than half-full, λ = SOC /2S will be positive and the three
principal values will be less than ge and this is the case, for example, for Ti3+ (3d 1), V3+
(3d 2), Cr3+ (3d 3) [28]. If the 3d subshell is more than half-full, λ = -SOC /2S and all three
principal values will be greater than ge. This is the case, for example, for Fe2+ (3d 6), Co2+
(3d 7), Ni2+ (3d 8), and Cu2+ (3d 9). For the case of 3d5 such as in Mn2+ and Fe3+, the ground
term is S = 5/2 and L =0, so the spin-orbit coupling will have no impact and the three g
values (gx, gy, gz) will be approximately equal to ge [28]. Thus, for high-spin transition ions,
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the measurements of g values and their magnitude relative to ge can provide direct
information about their nature. This is only useful and valid if the electron spin density is
mainly localized on the cation.
Table 1.3 Spin-orbit coupling constant for transition metal ions [adapted from 28]
3dn ion
n
SOC (cm-1)

Ti3+
1
155

V3+
2
210

Cr3+
3
275

Mn3+
4
355

Mn2+
5
300

Fe2+
6
400

Co2+
7
515

Ni2+
8
630

Cu2+
9
830

1.7 Pulsed EPR
1.7.1 Introduction
Pulsed EPR is a technique of applying a sequence of pulses and observing the
response of the spin system [14]. The first electron spin echo signal was observed by Blume
in 1958 using a solution of sodium in ammonium [36]. His experiment was done at room
temperature at a magnetic field of 6.2 G and a frequency of 17.4 MHz where the pulse
lengths were 300 ns and 600 ns for π/2 and π pulse respectively [36]. An early review
about electron spin echoes with emphasis on the physics of relaxation mechanisms was
written in 1972 by Mims [37] who was also a pioneer of pulse EPR while at Bell
laboratories. The following decade saw an increased interest in pulsed EPR [38] and a few
years later, there was a dramatic improvement in pulsed EPR spectrometers and the first
commercial spectrometers appeared on the market in 1987 [14,39]. The advent of pulsed
EPR was initially characterized by a lack of good instrumentation where insufficient
microwave components and a lack of fast digital electronics were challenges [14]. Even
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though pulse EPR development was slow compared to pulse NMR [14], a significant
number of researchers had observed spin echoes and FID’s at higher frequencies [40-41]
before pulse EPR techniques were refined.
1.7.2 T2
An electron spin in the presence of a magnetic field will precess around the main
magnetic field. The total magnetization, which is the sum of all spin ensembles (M 0), will
be a vector parallel to the main external magnet (B0). Fig.1.17 shows the total
magnetization, aligned with the external field B0.

Net
magnetization

Figure 1.17 Net electron spin magnetization precessing in an
external magnetic field. Adapted from [14]

By applying a perturbing field force (/2 pulse), the electron magnetic vector is
turned by 900 angle relative to its original position. For a homogeneously broadened line,
T2 is the time constant for the Free Induction Decay (FID) which is the oscillation as the
electron magnetic field vector of a spin packet detected along the y axis. An example of an
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FID generated after the application of a single pulse is shown in Fig. 1.18. The red region
is the dead time where the pulse ringdown is still too large to turn on the detector. During
this time, a significant FID intensity is lost. The Hahn echo discussed next was developed
to address this problem.

Figure 1.18 An FID generated after application of a single pulse

1.7.3 Hahn Echo for Measuring Tm
The time constant for recovery to the initial state of equilibrium, defined as T 2, is
driven by magnetic spin-spin interactions between electrons. However, since electron spins
exist in environments that are full of other spins such as 1H, 2H, 35Cl, 13C, 14N among others,
there will be electron-nuclear spin interactions that accelerate this entropic equilibrium
recovery as well. The return to equilibrium is no longer driven by electron spin-spin
interaction only, but a combination of other interactions. Due to these other contributions,
the recovery time constant is renamed the ‘phase memory time (T m)’ to reflect all the
mechanisms that contribute to the recovery of the electron to its equilibrium. Therefore, T m
will be used throughout this dissertation.
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The spectrometer’s detector cannot be on during the very high power microwave
pulses because that would damage the very sensitive components that are needed for the
weak FID signal. There also are resonator ring-down signals that would interfere with
detection. Modern spectrometers have a deadtime which is the time during which no
measurement can be recorded that varies between 80-100 ns, depending on the resonator
quality factor Q. Due to the inhomogeneous broadening of the signal, the FID usually
decays very quickly and sometimes within the instrumental dead time. If the spectrum is
inhomogeneously broadened, the quickly decaying signal from the FID can be recovered
by applying another pulse twice the amplitude (or twice the length) of the first one (a π
pulse) after waiting an interval . The sequence for recovering this signal can then look
like π/2  πecho where the echo maximum will form at time τ after the second
pulse (Fig. 1.19). This sequence is also called a Hahn echo sequence. By making this time
interval longer than the deadtime, it becomes possible to measure the signal outside the
instrumental deadtime. The trajectory of the electron magnetization (M 0) during the pulse
sequence for measuring Tm is shown in Fig.1.20 and is as follows: A π/2 pulse turns the
electron spin magnetization (M0) into the XY plan by 900. After a time interval (), the
spins de-phase and return to random out-of-phase precession. The π pulse is applied
causing the dephasing spins to refocus (in-phase precession) and this is called echo
refocusing. Once the echo is refocused, it starts dephasing again and the signal
exponentially decays causing the loss of the net magnetization in the XY plane. The
experiment is repeated for a series of values of τ. The time constant of this decay as a
function of 2τ is Tm.
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Figure 1.19 A two pulse echo sequence for measuring T m

Dephasing
Decay of echo

Refocusing
Figure 1.20 Trajectory of electron spin magnetization vector during spin
echo dephasing. Adapted from [14]

An example of an experimental Tm decay is shown in Fig.1.21. The phase memory
time of the electron spin is obtained by fitting the decay to an exponential decay function.
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There are several other models that can be used to fit the measurements and they will be
the subject of chapter 4.

Figure 1.21 An example of T2 or Tm decay.

1.7.4 T1
The T1 is the longitudinal relaxation time constant that measures the recovery to
equilibrium after the electron spin is perturbed by an 1800 pulse. This measurement is also
related to the energy exchange between the spin system and the surrounding environment
thus being called spin-lattice relaxation. The value of T 1 is obtained by fitting the inversion
recovery with an exponential function such as a single exponential or a sum of
exponentials. Details on methods that can be used to fit the inversion recovery curves will
be the subject of Chapter 4.
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1.7.5 Inversion recovery for measuring T 1
T1 is measured by an inversion recovery sequence π – t – π/2 – τ – π – τ – echo
where t and τ are inter-pulse delays. Fig.1.22 shows the inversion recovery pulse sequence
for measuring T1. The value of t is incremented to record echo amplitude as a function of
time.

Figure 1.22 A three-pulse inversion recovery sequence for
measuring T1

Fig 1.23 shows a schematic diagram of the trajectory for the electron spin magnetization
during inversion recovery measurements. The experiment starts with a pulse that inverts
the electron spin magnetization by 1800. A standard Hahn echo 2-pulse sequence is applied
for detection. Although inversion recovery is the most widely used method for measuring
T1 on modern EPR spectrometers there are other methods. One method for estimating T 1
is based on CW saturation experiments where the intensity is monitored as a function of
saturating power and analyzed by using the saturation factor [43]. The product T 1 T2 can
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be obtained, but the separation of the two time constants requires independent knowledge
of T2.

Figure 1.23: Electron spin magnetization during inversion recovery
measurement. Adapted from [14].

The second method is the use of very long saturating pump pulses (Fig.1.24, adapted from
44). The advantage of this saturating method is that the T 1 values obtained are not affected
by spectral diffusion compared to values obtained with inversion recovery methods [44].
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Saturating
pump

Figure 1.24 Saturation recovery for spectral diffusion. Adapted
from [44]

The goal of any measurements for Tm and T1 is not just to obtain these constants
but to understand why the relaxation behaves the way it does. The Eaton lab extensively
studies the temperature dependence of electron spin relaxation to understand processes and
mechanisms that govern electron spin relaxation. Those processes that drive T 1 and Tm will
be discussed in Chapter 4.
1.8 Causes of Line Broadening
1.8.1 Homogenous and Inhomogeneous Broadening
The CW signals shown so far indicate that the lineshape is not infinitely narrow.
Throughout the rest of the dissertation, the reader will encounter various signals, some
narrow and others broad. Here, a quick overview of the causes and origins of line
broadening is presented. The spectral lines measured in EPR can be broadened for various
reasons and line broadening has practical implications. For example, when spectra are very
broad, only a small fraction of the spectrum can be excited due to pulse bandwidth
limitation.
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Consider the shortest pulse used in acquiring data in this dissertation which was 16 ns.
The excitation bandwidth for such a pulse is the inverse of the pulse length which
corresponds to 62 MHz. Due to the nature of spin distributions and other factors that may
broaden the signal, EPR spectra may often span a wide range of frequencies. For example,
due to resolved and unresolved hyperfine structure, distributions in spin interactions, and
other factors, a fluid solution nitroxide spectrum is relatively wide (about 70 G), which
corresponds to about 0.2 GHz at g ~ 2, while a Cu (II) spectrum is even broader and about
2 GHz. These signal bandwidths imply that a 16 ns pulse will excite only a small fraction
of the spectrum. Therefore, the information obtained may only reflect the populations of
the spins excited by the pulse rather than representing the entire spin ensemble. Also, if the
pulse is very selective (because of user intention or a spectrum that is extremely broad
compared to pulse excitation bandwidth) and anisotropies are well resolved and depending
on where in the spectrum the pulse is applied, the information obtained may reflect almost
an individual orientation such as would be observed in crystal samples. It is necessary
therefore to understand the origins of broadening and how they can be taken into
consideration during pulse EPR experiments.
There are two major types of line broadening: homogenous and inhomogeneous
broadening. In homogeneous broadening, the linewidth of the EPR signal is determined by
electron spin relaxation. It has been demonstrated that if the microwave magnetic field B 1
is very small, the relationship between the linewidth and relaxation can be expressed as
[29]:
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∆B =

eq. 1.3

√ ∗ ∗

where T2 is the spin-spin relaxation of the species and 𝛾 is the gyromagnetic ratio of the
electron. If on the other hand B1 is not negligible, then the linewidth is determined by the
following expression [29]:

∆В= (

+𝐵

)

eq. 1.4

where T1 is the spin-lattice relaxation and ∆B is the peak-to-peak derivative linewidth.
Inhomogeneous broadening is the result of a superposition of spin packets that have distinct
Larmor frequencies due to inhomogeneity in an external magnetic field and local field from
surrounding spins. An inhomogeneously broadened spectrum has a Gaussian lineshape.
Figure 1.25 shows a homogeneous broadening (red Lorentzian lineshape) and
inhomogeneous broadening (black Gaussian lineshape) lineshape with the same
linewidths. The top panel in this figure is the absorption and the bottom is the derivative.
A major characteristic of a Lorentzian lineshape is the slow decay of intensity in the wing
of the spectrum compared to the Gaussian lineshape. Because electron spins are almost
always in environments where they interact with other surrounding nuclear spins,
broadening from unresolved hyperfine structure is very common and for most of the time,
EPR spectra have Gaussian lineshapes.
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Figure 1.25: Simulated comparison of homogeneous Lorentzian (red) and
inhomogeneous Gaussian (black) line lineshapes for the same peak to peak
linewidths.

1.8.2 g strains
When individual paramagnetic centers in molecules have their own local
environments that are different from that of their neighbors, the measured g values will be
a distribution that reflects those local environments and an example of this distribution was
observed in the spectra of iron-sulfur clusters we studied [45-46]. This structural
inhomogeneity manifests itself as a broad inhomogeneous lineshape and is common in FeS clusters.
In chemical environments with no active nuclear spins to give hyperfine structure,
information about the sample can only be understood by investigating the g values and the
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associated g strains. Ayikpoe et al [45] showed that mycofactocin maturase (MftC) is a
radical-S-adenosylmethionine (RS) protein that is involved in catalyzing the biosynthesis
of mycofactocin in post-translational modification. It contains Fe-S clusters that may act
as a catalytic center [45]. In this study, EPR was used to characterize the Fe-S cluster
centers in MftC. Spectra were measured at X-band frequency (9.366 GHz) in the Bruker
SHQ resonator. The Bruker Stinger cryogenic system was used for temperature control.
The experiment was done at 20 K. Samples were in 4 mm OD quartz tubes and flash frozen
in liquid nitrogen until inserted into a precooled resonator. CW spectra were run under nonsaturating conditions. A background signal was subtracted from all spectra prior to
simulation. Fig 1.26 shows a comparison of lineshapes obtained from intact MftC protein
and in the presence of the S-adenosylmethionine (SAM).
After elemental analysis to confirm that MftC contained three [4Fe-4S] + clusters
and that they are required as catalytic centers, a systematic knockout of clusters was
performed while monitoring the changes in the CW spectra of the clusters to understand
the function of each cluster [45].
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Figure 1.26 CW spectra of [4Fe-4S]+ clusters in MftC protein.
Experiment= black and blue. Simulations= red and cyan. Reproduced
with permission from Ayikpoe et al [45]

Simulation of the experimental data was generated using EasySpin software [47]. Table
1.4 shows the difference between g values and strains obtained upon adding SAM to MftC.
There is a decrease in the g values and strains when SAM is added indicating that there is
a significant structural change that occurs upon binding of SAM. Additionally, it is shown
that there is a significant change in the linewidth of the spectrum. Although the g strains
are shown to be small, the spectrum is very sensitive to these parameters and even a small
difference can be used as a basis for a different interpretation of the data in terms of
structural changes. Additional changes were observed in the spectra of MftC when a
systematic knockout of individual clusters was performed, or various ligands bind the
clusters, and the details are presented in [45].
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Table 1.4: Simulation parameters for [4Fe-4S] + cluster CW spectrum of MftC and MftC
+SAM (adapted from 45)
Sample

g values
gx
gy

MftC
1.88
MftC+SAM 1.89

1.90
1.89

gz

g strains
gx strain gy strain

gz strain

2.05
2.015

0.085
0.04

0.06
0.045

0.05
0.03

Linewidth
lwpp
(mT)
3.9
5

Sometimes, it may be hard to know whether the broadening observed is the result
of unresolved hyperfine or other broadening effects. g strains are proportional to frequency
and their effects may be studied by examining the linewidth of spectra as a function of
frequency. Broadening from unresolved hyperfine structures will remain constant while
those from g strains may become slightly resolved at high frequencies [46].
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Chapter 2: Nitroxide Spin Labels
2.1 Introduction to nitroxide radicals
Nitroxide radicals are organic molecules with an N-O• moiety containing a free
electron which generates an EPR signal. For the first time, nitroxide radicals were
synthesized in the 1960s [48]. They are known by different names including NO radicals,
iminoxyls, and nitroxides among others. In this dissertation, ‘nitroxide radicals’ will be
used. Also, since the investigations in this dissertation were done in the context of
understanding the application of these radicals in site-directed spin labeling (SDSL),
“nitroxide radicals” and “nitroxide spin labels” will be used interchangeably. Since the
discovery of nitroxide radicals, they received special attention when it was realized that
they can participate in chemical reactions without implicating their free electron [49-50].
Most of the electron density in a nitroxide is located on the N-O orbital. Nitroxide radicals
can be stored at room temperature for years without losing their stability. This remarkable
stability is made possible by protecting groups around the N-O • moiety.
Nitroxide radicals can function as spin labels when they are attached to proteins
such as in SDSL, which in combination with Double Electron-Electron Resonance (DEER)
spectroscopy has become a popular technique to measure distances and study structural
conformations and function in proteins, peptides, DNA and RNA macromolecules [2-3,13,
51]. Several of my research projects measured distance distributions in a T4L mutant
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doubly labelled with improved nitroxide labels. Computation of distance distributions is a
subject of Chapter 3.
Since Tm of these nitroxide spin labels determine how good the signal to noise (S/N)
will be in DEER experiments (see section 2.3), the temperature dependence of their
electron spin relaxation has been extensively studied. The laboratory of Prof. Eaton in
Denver and Prof. Rajca of Nebraska have been working on collaborative projects for
designing and characterizing nitroxide spin labels with rigid structures or without gemdimethyl groups to increase their Tm. The spin labels were attached to a T4L protein mutant
at Vanderbilt University in the laboratory of Prof. Mchaourab. The next few sections
present the detailed results of my contribution to this endeavor.
2.2 Utility of Nitroxide Spin Labels
To probe distances and conformations in proteins, nitroxide spin labels are
generally attached to proteins via the disulfide-link using cysteine substitution mutagenesis
[52-53] and studied by DEER [54-56]. Since this method requires unique cysteine for sitespecific attachment, any native cysteine of a native protein must be substituted with other
amino acids unless it is proven to be unreactive or so buried as to be inaccessible to the
nitroxide spin labels. Once all reactive cysteines are removed, then unique cysteines are
introduced at the site of interest. For all data presented in this work, protein labelling was
performed at Vanderbilt University, and EPR experiments were performed at the
University of Denver.
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2.3 Motivation for Improved Nitroxide Spin Labels
The signal to noise and the distance that can be obtained depend on the phase
memory relaxation time Tm [13]. Therefore, there is significant effort to design and
synthesize spin labels that have long Tm. Long distances give oscillations with longer
periods and the entire modulation can only be captured if Tm is long. The relationship
between Tm and the maximum distance measured can be approximated by eq. 2.1 [13].
rmax

~

5 𝑡

/2.

eq. 2.1

where tmax is the maximum dipolar evolution time and is related to T m in a sense that during
data collection, it should preferably have longer Tm to capture several modulations. A
detailed introduction to DEER and the results obtained are saved for Chapter 3. This
chapter and sections therein, present the results on T m obtained on improved nitroxide spin
labels (Fig.2.1). In each case, a comparison to MTSL (the most widely used nitroxide for
DEER) is made to show the significance of synthesizing nitroxide labels without methyl
groups or with more rigid structures.
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Figure 2.1 Improved nitroxide spin labels.
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For MTSL and most other common nitroxide radicals, there are gem-dimethyl
groups on the two carbons adjacent to the nitroxide N-O moiety which provide steric
hindrance to limit reactions that could destroy the radical. Rotation of these methyl groups
at rates that are comparable to the inequivalences in hyperfine couplings to the methyl
protons is a very effective dephasing mechanism that shortens T m at temperatures between
about 80 and 273 K [57-58]. Currently, most DEER studies are performed at low
temperatures (50-160 K) where biomolecules are immobilized in glassy solvents. This
prevents averaging of anisotropic interactions and Tm increases at low temperatures
allowing better signal to noise and access to longer distances.
The disadvantage of cryogenic temperature measurements is that the natural state
of a biomolecule may be affected either from the process of being frozen or by
cryoprotectants that are added to the biomolecule for protection or to allow magnetic
dilution of electron spins. These processes may affect the distance distributions and
conformational dynamics thus leading to uncertainties in the measurements. There is an
increasing need to perform DEER experiments at higher temperatures and eventually at
physiologically relevant temperatures [59-61] and this will only be possible if nitroxide
spin labels with adequately long Tm can be designed or ways to immobilize samples in
environments that permit high temperatures measurements are found.
2.4 Improved Design Philosophy for Nitroxide Spin Labels
To perform DEER at temperatures above 80 K and eventually at ambient
temperatures or even in aqueous environments, spin labels without methyl groups on the
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alpha carbons or with conformationally constrained side chains and longer T m will need to
be used [62-64]. The philosophy for designing these probes is to minimize all processes
that can decrease the phase memory relaxation time Tm such as averaging of inequivalent
hyperfine coupling and motional dynamic processes including small amplitude rotations
and overall molecular tumbling. Eaton et al [62] showed that when the spin label is devoid
of methyl groups, there is no contribution to T m from gem-dimethyl group rotation as is
always the case in common labels like MTSL and other spin labels with methyl groups.
These observations lead to further investigations to understand how different nitroxide
structures can influence Tm and understand processes that drive Tm so that they can guide
better nitroxide molecular design.
Tetracarboxylate ester pyrroline nitroxide (2 in Fig. 2.1) has a structure that is
similar to the widely used MTSL except that the carboxyl groups are incorporated between
the electron spin site and the methyl groups to minimize the interaction of the proton nuclei
on the electron spin [57]. This nitroxide will be referred to as 2 in the remainder of this
dissertation. Alternatively, spin labels that are devoid of methyl groups can be synthesized
to completely remove motional processes that shorten T m such as in iodoacetamideazaadamantyl nitroxide (3 in Fig.2.1). Also, this nitroxide will be referred to as 3
throughout the rest of this dissertation. Finally, another possibility is to synthesize nitroxide
radicals with rigid structures that are less susceptible to motional processes such as BisSpiro-Oxetane [65] shown as structure 1 in Fig.2.1 and to be referred to as 1 throughout
the rest of this presentation.
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2.5 Results
In this section, results from the temperature dependence of T m for 1, 2 and 3 are
presented and comparison to MTSL is made. In Chapter 3, the DEER distance distribution
obtained by using these improved nitroxide spin labels will be discussed.
2.5.1 Experimental Methods
Variable temperature Tm measurements were recorded using the Bruker E580
spectrometer equipped with an ER4118X-MS5 split ring resonator at X-band or an
ER5107D2 resonator at Q-band. Cryogenic temperatures 10-70 K were achieved by using
a ColdEdge/Bruker Biospin closed-cycle Helium system. Liquid nitrogen temperatures
were achieved by a liquid nitrogen flow system. Pulse EPR measurements were done at X
Band. Orientation dependence was checked by performing measurements at positions
labelled 1, 2 and 3 in the representative echo detected field spectrum (EDFS) shown in
Fig.2.2. All experiments were done on frozen or solid powder samples. Therefore, the word
“orientation” simply means position in the spectrum. Positions 1 and 3 correspond to
molecules in which the magnetic field is along the molecular z axis and position 2 is in the
x,y plane.
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Figure 2.2 EDFS of 2 at X Band at 80 K in 1:1 water: glycerol.

Since no orientation dependence was observed, measurements were collected at maximum
position labelled 2. This is an orientation where the two pulse echo is stronger thereby
giving a better signal to noise. Instantaneous diffusion is the decrease of T m caused by
flipping of neighboring spins by the second pulse of the echo sequence. It was checked by
using various pulse lengths and monitoring the effect on Tm. Since no instantaneous
diffusion was detected, Tm and T1 as a function of temperature were acquired with a 40 ns
π/2 pulse. Unless otherwise noted, the experimental description given above is followed in
performing most of pulse measurements presented in this rest of this dissertation. For
example, when no instantaneous diffusion is observed, measurements may either be
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acquired with a pulse of 20 ns, 30 ns or 40 ns and therefore mentioning the pulse length
with which the measurements were acquired may not matter in the rest of this presentation.
There are other required procedures that are followed in acquiring two pulse echo
decays, inversion recovery and other pulse measurements. These include adjusting the
power of pulses to ensure the echo is maximized both in T m and T1 measurements. They
also include adjusting data collection window depending on the length of T m and T1. Good
signal to noise is achieve by adjusting the number of scans depending on the temperature
at which a measurement is being made. Finally, a sequence of multiple pulses as usually
encountered in advanced pulse EPR experiments generates many echoes. Phase cycling
[66-67] is a method that is used to remove unwanted echoes and is always applied in our
measurements. All of these experimental details will not be mentioned for each experiment,
but were carefully followed.
2.5.2 Tm Results from Nitroxide Spin Label 3
When compared to MTSL, 3 lacks the methyl groups that would cause the
resonance enhancement seen for 1/Tm of MTSL. The results show that the relaxation rate
is slower for 3 than MTSL (Figure 2.3) which translates into increased T m. The
measurements of Tm for 3 shown in Fig 2.3 are only at liquid nitrogen temperatures. For
most nitroxide radicals, Tm at liquid helium temperatures (4 – 60 K) is dominated by
nuclear spin diffusion. In this temperature range, T m remains constant up to about 80 K
where methyl rotations or other dynamic processes become an effective relaxation
mechanism. Thus, it is reasonable to believe that 3 and MTSL have similar T m relaxation
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rates in the 4-60 K temperature range. Also, it is rare to perform DEER experiments below
40 K due to very long T1. The shot repetition time (SRT) is generally set to 1.2*T1 and if
T1 becomes too long it will then slow down data acquisition thus leading to poor signal to
noise. In the context of improving DEER experiments with longer T m, the comparison is
only done and relevant in the temperature range where methyl rotations become relevant
and below the temperature of about 160K where the glassy solvent softens, as shown in
Fig.2.3.
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Figure 2.3 X band 1/ T m temperature dependence of MTSL (•••••) and 3
(•••••) in water: glycerol

Fig 2.4 shows a comparison of a two pulse echo decay for 3 and MTSL at 100 K in 1:1
water: glycerol. 3 has a longer Tm and a shape that is characteristic of a stretched
exponential while MTSL has a shorter Tm and a shape that is typical for a single
exponential. Tm of 3 is about 4.5 µs with a stretch parameter β of 1.8 and for MTSL T m is
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3.2 µs with β of 1.1. Additional information on fitting models will be discussed in section
4.6.
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Figure 2.4: Comparison of two pulse echo decays for MTSL (orange) and 3
(Blue) at 100 K in water: glycerol

2.5.3 Tm Results from Nitroxide Spin Label 1
Another strategy for increasing Tm is to use nitroxide labels with groups that are
less susceptible to motional dynamics such as rotational motions. 1 is a recently
synthesized nitroxide spin label with small rings on the α-carbon, prepared by the group of
Prof. Rajca. Such rings could undergo ring flip mechanisms which can become effective
spin echo dephasing processes that can reduce T m. However, in the recent measurements
and published report [65], it was observed that T m is nearly independent of temperature up
to 130 K. Fig. 2.5 compares the temperature dependence of 1/T m of MTSL in water:
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glycerol and 1 in trehalose: sucrose. The relaxation rate for 1 is slower than MTSL over
the entire temperature range studied. The slow rate for1/Tm of this nitroxide radical is the
result of restricted motions of the rings and the absence of methyl groups, compared to
efficient methyl rotation in MTSL. The trehalose: sucrose glass remains rigid below its
glass transition temperature that is well above room temperature, whereas 1:1
water:glycerol has a glass transition temperature of about 180 K.
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Figure 2.5 X band 1/ T m of MTSL (•••) in water: glycerol and 1
(••••) in trehalose: sucrose

The strategy of preparing nitroxide labels with restricted motions was explored in
the past by Kathirvelu et al [64] in a nitroxide radical with cyclohexyl rings. Contrary to
MTSL, this nitroxide radical does not have the dimethyl groups on its α-carbon. It was
synthesized with the 4-hydroxyspirocyclohexyl groups that provide good water solubility
and protect the N-0• moiety [64]. Some of these nitroxide labels are too large to be easily
attached to biomolecules and so far, have not been used to probe distances or conformations
in proteins because their impact on the structure of the protein has not been assessed. By
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performing spin echo dephasing measurements at X Band, it was observed that 1/T m is
temperature independent up to about 125 K. In the temperature range where methyl rotation
is an effective dephasing mechanism, the relaxation rate is slower than for MTSL. All these
observations indicate that it is worthwhile to design nitroxide radicals with substituents that
are less susceptible to dynamic motions as a method for increasing T m.
2.5.4 Tm Results from Nitroxide Spin Label 2
In a quest of designing nitroxide spin labels with longer Tm, it is also possible to
decouple the electron spin from nearby dimethyl groups. This can be accomplished by
increasing the distance between the two sites [57]. For example, the Nebraska group of
Prof. Rajca accomplished this strategy by incorporating the carboxyl groups between the
electron spin and the methyl groups as shown in the structure of 2. The overall effect of
this strategy is to minimize the effect of the hyperfine coupling on the electron spin and the
methyl rotation. This is possible because the dipolar interactions of the protons on the
methyl groups and the electron spin depend on the distance. As this distance is increased,
the interaction is minimized thus effectively suppressing all processes that shorten T m and
the overall result is the increase of phase memory time (Tm).
Variable temperature Tm relaxation times of 2 immobilized in trehalose at X band
are shown in Fig.2.6. The enhanced echo dephasing at about 70 K is attributed to the
rotation of the methyl groups of the esters and is similar to what was reported for compound
1 in [57] with a similar structure.
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Compared to MTSL, the relaxation is longer in 2 than MTSL over a wide
temperature range studied and this indicates that it may act as a better spin label in terms
of getting a better signal to noise due to its longer Tm. It is worth pointing out that there are
other studies on this spin label that were published in [57] at X and Q band frequencies in
trehalose: sucrose. Data shown in this section are the results from my own investigations
obtained after repeating the measurements in various sample matrices and in preparation
for using this nitroxide in labelling T4L for DEER experiments discussed in Chapter 3.
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Figure 2.6 X band 1/ T m temperature dependence of MTSL (•••••) in
water: glycerol and 2 (•••••) in trehalose.

2.6 Other Strategies for Lengthening Tm
2.6.1 Beta-Cyclodextrin
The previous sections discussed the improved design of nitroxide radicals as a way
of increasing their Tm. In addition to improved design, there are other strategies that may
be employed to lengthen Tm. They involve preparing nitroxide spin labels and proteins in
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glassy matrices that minimize dynamic motional processes. Beta-cyclodextrin (β-CD) may
form inclusion complexes with nitroxide radicals. This has the effect of reducing dynamic
motions that decrease Tm. In other words, -CDs have hydrophobic cavities that allow them
to form inclusion complexes with guest substances such as nitroxide radicals thereby
decreasing their mobility via motional restriction and leading to the increase of T m. The
added advantage is that their outer surface is hydrophilic which makes them readily soluble
in water. Below is a structure of β-CD used in immobilizing nitroxide spin labels or labels
attached to proteins.

Figure 2.7 Structure of β-CD.

a) β-CD increases Tm
The increase of Tm when -CD is added to nitroxide radicals or proteins samples
doubly labelled with nitroxide radicals was extensively studied. Table 2.1 shows a set of
measurements that demonstrates an increase in T m that is attributed to the decrease of
motions in the spin labels and spin-labeled proteins when -CD is added. The notation 3T4L 65/80 means a T4L mutant doubly labelled with spin label 3 at position 65 and 80 in
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the amino acid sequence. Similarly, 3-T4L 65/135 means the same thing except the
positions are 65 and 135 in the amino acid sequence. Finally, 3-T4L-135 means it is singly
labeled at this position.
Table 2.1: Lengthening of Tm in the presence of -CD.
80 K

Water:
glycerol

Sample

1:1

2:1

160 K

3
3 + β-CD

Tm
[µs]
2.7
4.8

T1
[µs]
580
610

Tm
[µs]
2.0
3.6

T1
[µs]
89
92

3-T4L 65/80
3-T4L 65/80+β-CD
3-T4L 65/135
3-T4L 65/135+β-CD

2.4
2.6
2.3
2.4

520
420
580
530

1.9
2.2
1.8
2.0

130
110
130
110

Solutions contained 16 mM β-CD.

The data show that in the presence of -CD, there is a substantial increase in Tm for 3
from 2.7 to 4.8 µs at 80 K, for example. This increase will significantly lead to improved
signal to noise in pulse echo measurements. Fortunately, it was also observed that adding
-CD does not significantly affect T1. As mentioned earlier, T1 dictates how fast data can
be acquired in DEER measurements because it is related to the shot repetition time (SRT)
which as the name implies, is the time between pulse sequences that are used in data
collection. When the spin label is already attached to the protein, it has been observed that
adding β-CD does not affect Tm as shown in the Table 2.1. This may be due to the fact that
motions of the spin label are already hindered when attached to a protein and therefore
adding β-CD will not generate a significant impact.
b) β-CD decreases Tumbling in solution at 293 K
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The utility of sugars that form inclusion complexes with molecules can also be
demonstrated via slow tumbling spectra when these sugars are added. The tumbling
correlation time (R) is the time it takes a macromolecule to rotate by 1 rad in solution. It is
proportional to the size of the molecule, and viscosity of the medium. Assuming a spherical
shape of the macromolecule, this relationship is expressed in the Stokes-Einstein equation
τR=

Ƞ

eq. 2.2

where V is the volume of the molecule, Ƞ is the viscosity, k is the Boltzmann’s constant,
and T is the temperature. This expression shows that if the molecular volume increases, the
tumbling correlation will increase [34, 68]. In line with motional dynamics suppression, it
was observed that when -CD is added to a solution of T4L singly labelled with 3, R
increased from 1.1 to 2.5 ns [69] as shown in Fig.2.8.

DZD-T4L-135
without -CD

3-T4L-135 without β-CD

3-T4L-135 + β-CD
DZD-T4L-135
with -CD

332
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Field/mT

Decreased
tumbling due
to β-CD

340

Figure 2.8 X-Band CW spectra of 3-T4L-135 in 10% glycerol at 293 K.
Black =experiment and Red = simulation. Adapted from [69]
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The simulations shown in Fig. 2.8 were performed within EasySpin using the Chili function
[47]. Fit parameters that were required to produce the simulation are summarized in Table
2.2. In addition to slow tumbling in the presence of ß-CD, there is a small decrease in A iso
that is attributed to the Azz component of the hyperfine interaction. This may indicate that
there is a change in the local environment, especially the polarity of the molecule when ßCD is added. However, the change is too small to be accurately interpreted and the
uncertainty in the simulation parameters is not very well known.
Table 2.2: Simulation parameters for slow tumbling CW spectra shown in Fig 2.8.
[Adapted from 69].
Sample

a

Axx
[MHz]
27

3-T4L-135
without β-CD
3-T4L-135
27
with β-CD

2.0060 2.0022

Lwpp
(mT)a
0.54

R
[ns]
1.08

2.0061 2.0022

0.47

2.47

Ayy
Azz
[MHz] [MHz]
28
110

gxx

gyy

2.0094

28

2.0094

109

gzz

contribution from Gaussian linewidth
c) β-CD Decreases the 1/Tm Rate within a Wide Temperature Range in water: glycerol
To further understand the effect of β-CD on Tm, the temperature dependence of

1/Tm was studied for 3-T4L 65/135 and 3-T4L 65/80. Tm was measured with a two pulse
echo (π/2 – τ – π – τ – echo) where the π/2 was 20 ns and initial τ was 200 ns. Fig.2.9 shows
the temperature dependence of 1/Tm at Q-band for both mutants. The 1/Tm rate becomes
slower in the presence of β-CD than in its absence for both mutants. The effect of ß-CD on
Tm is more distinguishable at higher temperatures. This is because as the temperature is
increased, motions become relevant, and the effect of ß-CD becomes more visible
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compared to low temperatures where motions may be already frozen making it hard to see
the impact of ß-CD on Tm.
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Figure 2.9 Temperature dependence of 1/Tm at Q-band in the presence and
absence of β-CD for 3-T4L 65/135 and 65/80. Adapted from [69]

2.6.2 Cucurbit [7] uril
Cucurbit [7] uril which will be referred to as CB7 throughout this section and the
rest of the document, is a macromolecule synthetic lectin that forms complexes with many
organic molecules through noncovalent interaction [70]. Fig.2.10 shows the structure of
CB7.

62

Figure 2.10: Structure of CB7. Reproduced with permission
from S. Na’il et al [71]

Supramolecular chemists have been exploiting these large molecules as potential ligands
that can bind a large variety of molecules based on non-covalent interactions [70]. CB7 has
a cavity that is remarkable for binding affinities, especially for protonated molecules [71].
Its potential as an immobilizing agent was investigated by adding it to a sample of 3-T4L
65/135. The goal was to understand whether the addition of CB7 would increase T m as seen
in other macromolecules that form inclusion complexes with nitroxide radicals such as βCD described earlier in this section.
Orientation dependence of Tm was measured on frozen glassy 3-T4L 65/135, 3-T4L
65/135 +CB7, 3-T4L 65/80, and 3-T4L 65/80+CB7 at 80K and 150K at relevant positions
in the Q band EDFS (Fig.2.11). Relevant positions mean positions in the spectrum where
pulses are generally applied while doing DEER experiments. In the spectrum below
(Fig.2.11), relevant positions as commonly probed by many investigators are 1213, 1215,
and 1217 mT but other positions can be probed as well provided that there are strategies
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for addressing poor signal to noise encountered when positions far away from the
maximum of the spectrum are probed. Also, the field positions will shift depending on the
microwave frequency. The data for 3-T4L 65/135 were acquired at 130 K because the
sample was small, and the signal to noise was poor at higher temperatures. Nonetheless, an
adequate signal to noise was obtained since the Q band frequency tends to give a better
signal to noise compared to the X band.

Figure 2.11 Q band EDFS for 3-T4L 65/80: Tm was measured at
orientations shown by arrows. Axis is in mT and conversion to G can
be performed by multiplying by 10

a) CB7 increases Tm
Fig. 2.12 compares 1/Tm at two temperatures in the presence and absence of CB7.
It is shown that 1/Tm is slightly slower for 3-T4L 65/135+CB7 than 3-T4L 65/135 at 80 K
and is nearly constant across the orientations. 1/Tm for 3-T4L 65/135+CB7 at 150 K is
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slower than for 3-T4L 65/135 at 130 K, despite the higher temperature. At 150 K, 1/T m
for 3-T4L 65/135+CB7 becomes more dependent on position in the spectrum at
intermediate positions. This is the region of the spectrum that is strongly motion dependent.
Taken together, these measurements show that CB7 reduces motions and can increase T m.
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Figure 2.12 Tm relaxation rates for 3-T4L 65/135 vs 3-T4L 65/135+CB7 at Q Band
in water: glycerol.

Fig. 2.13 plots the stretch parameter β for 3-T4L 65/135 and 3-T4L 65/135+CB7 at
80 K or 130/150 K. In the presence of CB7, β is larger than in the absence of CB7 at both
temperatures. A β of 2.0 is typical for a stretched exponential where the echo decay
assumes almost a sigmoidal curve. It is seen in rigid environments where the nuclear spin
flip-flops (nuclear spin diffusion) dominate the dephasing. β approaches 1.0 as modulation
of g and A anisotropy contributes to dephasing and the echo decay assumes the shape of a
standard single exponential function. Details on echo dephasing mechanisms are presented
in section 4.6. Generally, trends in β correlate with trends in T m. Longer Tm values
correspond to larger β values, and the opposite is true.
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Figure 2.13 Stretch parameters in the presence and absence of CB7 at 80 and
130/150 K for 3-T4L 65/135 in water: glycerol

Fig.2.14 shows the 1/Tm rate of 3-T4L 65/80 in the presence and absence of CB7 as a
function of the position in the spectrum. It is also demonstrated that in the presence of CB7,
the 1/Tm rate becomes slower than when CB7 is absent at both temperatures indicating that
the presence of CB7 increases Tm.
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Figure 2.14 Tm of 3-T4L 65/80 in the presence and absence of CB7 at 80 and
150 K

The stretch parameters for Tm in Fig.2.14 are shown in Fig. 2.15. The trends correlate with
those of Tm shown in Fig.2.14 (the reader is reminded that most T m and T1 data in this
dissertation are plotted on a log scale). All these observations indicate a more rigid
environment when CB7 is added causing Tm to increase. It also is evidence that CB7
restricts dynamic motions that would otherwise decrease Tm.
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Figure 2.15 Stretch parameters for 3-T4L 65/80 in the presence and absence of
CB7 at Q Band

Table 2.3 summarizes the Tm values for the 3-T4L 65/135 mutant in the absence
and presence of CB7 and for 3-T4L 65/80 at 80 and 150 K. It is shown that adding CB7
slightly increases Tm at 80 K. The small difference at 80 K reflects the fact that at low
temperatures motions in the sample may be already frozen and thus adding CB7 may not
make a large difference. However, at higher temperatures such as 150 K where motions
become dynamic and relevant, then the effect of CB7 is more pronounced and there is an
increase in Tm from 3.63 µs to 4.27 µs for 3-T4L 65/135 in the presence of CB7. Also, T m
goes from 3.2 to 4.32 µs in 3-T4L 65/80 in the absence and presence of CB7 at 150 K while
the difference is smaller at 80 K in both mutants.
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Table 2.3: Comparison of Tm values at 80 and 150 K for 3-T4L 65/135 and 3-T4L 65/80
mutants in the presence and absence of CB7.
Mutants
3-T4L 65/135
3-T4L 65-135+CB7
3-T4L 65/80
3-T4L 65/80+CB7

Tm (µs) at 80K
4.20
4.94
4.15
4.97

Tm (µs) at 150K
3.63 (at 130K)
4.27
3.20
4.62

T1 (µs) at 80K
438
832
502
815

T1(µs) at 150K
160
206
124
195

b) CB7 increases R in solution at 293 K
As observed for other immobilizing macromolecules such as β-CD, CB7 also
increases R in solution at 293 K. Fig. 2.16 shows the simulation of the spectrum for 3-T4L
65/80 in the absence and presence of CB7. The left panel is the 3-T4L 65/80 slow tumbling
CW spectrum plus simulation. The right panel is the slow tumbling CW spectrum for 3T4L 65/80+ CB7 plus simulation. The simulation of experimental data demonstrated that
the addition of CB7 causes τR to increase from 1.8 to 2.0 ns which is a significant change.
There also is a significant decrease in Aiso that is attributed to the decrease of Azz component
of the hyperfine indicating that there is a dramatic change in the local environment of the
molecule.

69

1.5

1.5

1

1

0.5

0.5
0

0
3450
-0.5

3500

3550

-0.5 345

3600

350

355

360

-1

-1

-1.5

-1.5

Field/G

Field / G

Figure 2.16 Simulation of slow tumbling for 3-T4L 65/80 (left) and 3-T4L 65/80 +CB7
(right) in 10% glycerol solution at 293 K

Table 2.4: Simulation parameters of the slow tumbling spectra of 3-T4L 65/80 in the
absence and presence of CB7.
Sample
3-T4L
65/80
3-T4L
65/80+CB
7
a

lwpp(mT)a

R
(ns)

Axx

Ayy

Azz

gxx

gyy

gzz

27

28

112

2.0094

2.0060

2.0022

0.51

1.8

26

26

108

2.0084

2.0063

2.0040

0.13

2.0

contribution to linewidth from Gaussian lineshape

2.6.3 Comparison of CB7 and β-CD
a) Tm
Since both macromolecules form inclusion complexes with nitroxide radicals, it is
intriguing to compare how these two molecules affect Tm. Fig. 2.17 shows a comparison
of two pulse echo decay of 3-T4L 65/135 in the presence of CB7 and ß-CD at 60 K in
70

water: glycerol. The Tm is 4.94 µs for CB7 and 4.2 µs for ß-CD. This small difference,
although desirable, would not make a big impact on the signal to noise or other pulse
parameters of interest. The stretched exponential shape of the decay is pronounced in this
figure indicating that Tm in these both environments is driven by nuclear spin diffusion.
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Figure 2.17 Comparison of echo decays for 3-T4L 65/135 +CB7
(blue) and 3-T4L 65/135 +β-CD (orange) at 60 K.

The results presented above clearly demonstrate the utility of macromolecules that
form inclusion complexes with nitroxide spin labels. It was unambiguously demonstrated
that there is significantly slower tumbling when CB7 and ß-CD are added to fluid solutions
samples. In addition, it was shown that there is a substantial increase in T m, especially at
high temperatures where DEER experiments are even more desirable. Finally, it was shown
that there is a change in the local environment of the molecule as indicated by the change
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in the Azz component of the hyperfine structure. There are other possible methods that can
be used to immobilize nitroxide spins labels and they include rigid lattice environments
such a solid mixture of trehalose: sucrose as discussed next.
2.6.4 Immobilization in Rigid Lattices
A different method for increasing Tm is to immobilize nitroxide radicals or proteins
in rigid lattices that reduce motional processes that may decrease T m. When pulsed EPR
experiments are done at low temperatures, samples are immobilized in frozen glassy
solvent mixtures such as water: glycerol as done for MTSL (Fig.2.18). When experiments
are performed in these frozen glassy solvent mixtures, there are some disadvantages that
may be present. It was demonstrated that when the temperature is increased and the waterglycerol glass nears its transition temperature (Tg), motions of the molecule as a whole or
local motions become an effective Tm driving mechanism that reduces Tm.
The effect of molecular motions can be minimized by immobilizing nitroxide
radicals in rigid lattice environments such as trehalose or trehalose: sucrose. By studying
the temperature dependence of 1/Tm, it was observed that, although the trend in the
temperature dependence of 1/Tm remains the same at temperatures lower than ~60 K, at
temperatures above about 100 K, the relaxation rate for MTSL in trehalose: sucrose is
slower than in water: glycerol but the difference is not substantial. The matrix seems to
have very little impact on the barrier of the methyl rotation, and this may be due to the
spherical nature of the methyl groups which can rotate without requiring large
displacement of the lattice molecules.
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Figure 2.18 X band temperature dependence of 1/ T m for
MTSL in water: glycerol (•••) and trehalose (•••).
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Chapter 3: Distance Distributions
3.1 Introduction
Double electron-electron resonance (DEER) or Pulsed Electron Double Resonance
(PELDOR) is a technique that is used to obtain distance distributions in biomolecules and
can provide significant contributions to many studies in structural biology [13,72]. It is
designed to separate the pairwise coupling between electron spins from other interactions
in the sample. This interaction is recorded as a time domain signal modulation. The pulse
sequence for DEER started as a combination of three pulses [73-74] and was later extended
to a four-pulse sequence to remove the instrumental dead time [75-76]. Since then, DEER
has gone from a niche application to a powerful tool capable of characterizing
conformational distributions in proteins. The technique can be applied to membrane
proteins in detergents and lipid bilayers where it can map ordered and disordered domains
while using very small amounts of sample in the picomolar range [77] and can access
distances between 15 and 80 Å [72]. The DEER experiments measure the distance between
the N-O groups of the nitroxides. Comparison with protein conformations is based on
modeling the conformation of the labels attached to the proteins, which was done by our
collaborators.

74

3.2 Pulse Sequence and Application
Given two sets of spins A and B attached to two different sites in a protein, the
pulse sequence for DEER consists of applying an observer pulse with a frequency A and
a pump pulse with a frequency B. The pump pulse B excites spins B. Since spins B and
A are magnetically coupled, the inverting pump pulse at B causes the magnetic field at A
to change. The signal is detected by monitoring the change in the local field at A as a
function of time. Fig 3.1 shows the deadtime-free four pulse sequence commonly used for
DEER experiments [42].

Refocused
echo





2

A

B
Figure 3.1 A four pulse dead-time-free DEER sequence.

Time t is varied from 0 to tmax and the variation of the echo intensity is monitored.
In this experiment, a Hahn echo sequence is used to generate an echo at the probe frequency
(observe). At time 2 after the first echo, a π pulse is applied to form a refocused echo. The
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refocused echo is attenuated by e(-k(1+2)) due to transverse relaxation of spins A. 1 and 2
are inter-pulse delays and k is the decay constant given by k =1/T2,A+kID where KID is the
instantaneous diffusion rate that is proportional to the concentration of A spins and
inversely proportion to the length of the observer pulse [13]. The signal damping factor can
also be expressed as D = 𝑒
Wee,i = Ci/R3(1-3cos2Ɵi)

(

)

where Ttotal =2(1+2). The dipole coupling is given by

eq. 3.1

where Ci depends on the product of g values of both spins A and B. Generally, for nitroxide
radicals which are the most common spin labels used in DEER, g A = gB= 2.005 is a typical
isotropic g value that can be used in this expression. Ɵ is the angle between the magnetic
field and the vector connecting the two spins. The dipolar signal has two contributions (e.q
3.2). The intermolecular component (Vinter) is the interactions between two spin pairs on
different molecules. This interaction is responsible for the background decay of the signal
modulation. Prior to data analysis, the background decay must be subtracted. The
intramolecular component is the interaction between the spin pairs on the same
biomolecule. This is the signal of interest that is sought in DEER experiments. Therefore,
the total signal is given by eq. 3.2 [13].
V(t) = Vintra(t) Vinter(t).

eq. 3.2

3.3 Time Domain to Distance
An example of a typical DEER time domain dipolar evolution is shown in Fig.3.2.
with a background fit shown in red. The signal is from an experiment that was done on a
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rigid biradical nitroxide provided by Prof. Gunnar Jeschke. As aforementioned, the
modulation is the result of a dipolar interaction between nitroxide labels attached at two
different sites such as in a protein or in this case a biradical model compound. The vertical
green line determines the time zero of the signal. The orange vertical line indicates that
data from this point up to end should be cut off and discarded due to artifacts from pulse
overlaps. The background fit is calculated between the vertical cyan and the orange lines.

Norm.Echo Int.

This fit is then extrapolated to time zero and subtracted.

Figure 3.2 DEER time domain dipolar evolution for a biradical nitroxide

The expression for the background (Vinter(t)) is given by [56]
B(t) = exp(-ktd/3)

eq. 3.3

where k is the density of the spins and d is the dimensionality of the distributions. For most
solutions where there is no confinement of labelled biomolecules, a homogeneous
distribution is assumed and d =3. For membrane proteins in liposomes and detergents d =
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2 is expected. If labels are attached to a polymer chain d = 1 is most appropriate [56].
Analysis of DEER experimental data in this chapter used a homogenous distribution where
a dimension of 3 was assumed.
Often, the time domain signal from DEER has a growing modulation toward the
end of the signal. In the pulse sequence shown earlier (Fig.3.1), the pump pulse is applied
as a function of time and there is a point where it will run into the last observer pulse
sequence leading to an overlap of the two pulses. The growing modulation observed at the
end of DEER time domain signal is the result of that overlap and selection of pulse timing
and tmax should be selected to avoid this problem, whenever possible. Nonetheless, the
growing modulation can be cut off during data analysis. The orange line in Fig.3.2 shows
the point in time where this cutting is applied.
Fig.3.3 shows a Q band EDFS showing the positions where the pump and observer
pulses were applied. The pump pulse was applied at the maximum peak of the EDFS to
obtain a better signal to noise. To avoid the pulse overlaps, a separation of at least 65 MHz
was used.
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Figure 3.3 A typical Q band EDFS showing where the pump and
observe pulses were applied

Fig.3.4 below shows a background subtracted time domain signal and the fit to the
data. Data analysis was performed with software called DeerAnalysis2016 pioneered by
Prof. Gunnar Jeschke [78]. The fit to the data can be done either with a Tikhonov
regularization or by fitting the data to a pre-existing distribution model [78-79]. Some of
the most common models include Gaussian, homogeneous Gaussian, and a sum of
Gaussians. Often, a homogenous distribution of doubly labeled biomolecules is assumed
except in membrane proteins or polymer chains where it may not be the case [78]. When
no homogenous distribution exists, data can be fit to a fractal dimension.
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Figure 3.4 Background subtracted DEER dipolar evolution (black) and
the fit (red).

A distance distribution obtained by fitting data with a homogeneous Gaussian
distribution is shown in Fig.3.5. The time axis is in nm and the y axis is the probability
distributions. The data in the next section were obtained by following the steps described
above.
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Figure 3.5 Distance distribution of a biradical model compound for
which the DEER dipolar evolution is shown in Figure 3.4.

3.4 Results
Converting a dipolar evolution curve obtained from a DEER experiment into a
distance distribution is an ill-posed problem [79]. Thus, small deviations from the
theoretical function resulting from noise in phase or intensity may lead to very inaccurate
distance distributions. It is therefore of utmost importance to acquire data with the best
signal to noise while following best practices. DEER data shown in this dissertation were
performed at low temperatures (80 or 160 K). At these temperatures, T m becomes long and
the signal to noise is improved. In addition, long Tm permits access to long distances
because more cycles of the dipolar modulation can be captured, and this makes data
analysis more accurate. Obtaining long Tm to improve DEER experiments is the essence
of improved nitroxide spin labels discussed earlier and is a main theme in this dissertation.
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In this chapter, the distance distributions obtained by performing DEER experiments with
improved nitroxide spin labels discussed in Chapter 2 are presented.
Spin labels were synthesized at the University of Nebraska and attached to a T4L
mutant at Vanderbilt University using a method previously described [80-81]. The
concentration for most samples was reported to be between 50-100µM. The labelling
efficiency was estimated to be 50% in most samples. Because of this low labelling
efficiency, the signal to noise was not good in most samples and became worse when high
temperatures were attempted. Nonetheless, many scans were averaged, and acceptable
signal to noise and distance distributions were obtained.
When multiple averages must be accumulated due to poor signal to noise, it is
crucial that the spectrometer frequency be very stable over the course of the entire
experiment, and this may be hard to achieve. Measurements were collected with quadrature
detection to ensure proper phasing of the data prior to and after the experiment. Since the
spectrometer phase changes over the course of the experiment, phasing the echo before
data collection is not always enough and additional phasing must be done after the
completion of the experiment.
The instability of the spectrometer was checked by looking for a signal in the
imaginary channel after data collection. When there is a drift of the phase during data
collection, data were phase-adjusted after the measurements either using Bruker Xepr
software or DeerAnalysis software. For these measurements, 32ns for the π pump pulse
was used and the observer pulse lengths were 16ns for π/2 and 32ns for π pulses.
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3.4.1 Distance Distributions with Improved Nitroxide Spin Labels
Here, the results obtained by labelling of T4L mutants with improved nitroxide
radicals are presented. One main objective of these studies as introduced earlier was to
synthesize nitroxide radicals with long Tm and investigate whether they would give better
signal to noise, access to longer distance in DEER and possibly narrower distance
distributions. This section is the summary of the DEER distance distribution obtained by
labeling a T4L protein mutant with the nitroxide spin labels described earlier.
Measurements were done at 80 and 160 K in 10 % glycerol. -CD was introduced as an
organic macromolecule capable of forming inclusion with nitroxide radicals and can
significantly increase Tm. Distance distribution from samples in the presence and in the
absence of -CD are also presented. Specifically, it is demonstrated that in the presence of
-CD, DEER distance distributions become narrower which is indicative of the fact that CD potentially reduced conformational dynamics of the nitroxide spin label.
3.4.2 Distance Distributions from 3 and 2
a) Spin label 3
IA-DZD or structure 3 in Fig.2.1 was introduced as a nitroxide radical with a rigid
structure with no methyl groups when compared to MTSL. It was shown that its relaxation
rate is slower than MTSL in the liquid nitrogen temperature range studied (section 2.5.2).
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As a proof of concept, DEER measurements were done on 3-T4L 65/80, and 3-T4L
65/135 in 2:1 water/glycerol matrix as a glassing agent. The temperature was 80 or 160 K.
It was demonstrated that T4L doubly labelled with 3 has greater sensitivity compared to
the same T4L doubly labelled with MTSL at same concentrations [69].
Fig 3.6 shows the distance distribution obtained at 80 and 150 K in 3-T4L 65/80.
The expected distance was about 2.2 nm and the distance distribution shows a distance of
about 2.4 nm which is in good agreement with the expected value. It is often observed that
distributions based on experiments done at higher temperatures are broader compared to
those done at low temperatures. These observations are expected, and it is the reason why
DEER experiments are preferably done at low temperatures because at high temperatures,
dynamic motions become dominant compared to low temperatures where they may be
already frozen. Also, signal to noise may deteriorate at high temperatures resulting in
broader distance distributions and ill-defined dipolar modulations. For example, it is shown
that the distance distribution is slightly broader at 150 K than 80 K.
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Figure 3.6 3-T4L 65/80 Deer distance distribution at 80 and 150 K in 10%
glycerol.

There are other changes observed when DEER experiments are done at higher
temperatures. For example, there is a change in the modulation depth where it gets
shallower at higher temperatures (Fig.3.7). The modulation depth is proportional to the
number of observed spins. It can be reasoned that at higher temperatures, motions that take
spins off-resonance during the time of the experiment become larger thus reducing the
number of excited spins by the pump pulse that are subsequently observed with the
refocusing pules, which in turn reduces the modulation depth. Since T m gets shorter at
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higher temperatures, the window for a maximum time that can be accessed is shorter than
at the low temperatures.
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Figure 3.7 A Comparison of DEER modulation depth at 80 K (bottom) and 150
K (top) in 3-T4L 65/80. Black =experiment, Red= simulation.

b) Spin label 2
Spin label 2 was also presented as a nitroxide where the coupling between the
protons of the methyl groups and the electron spin is minimized by incorporation of
carboxyl groups that increase the distance. A theoretical distance between the two
amino acid positions in a doubly labelled 2-T4L 65/135 is calculated to be between 4
and 4.5 nm and when studied by DEER, a distance of about 4.4 nm was obtained which
also is in agreement with the expected distance for the known structure. Fig. 3.8 shows
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a distance distribution obtained at 80 K. The broad feature around 2.6 nm may be a
different conformational distribution or simply an experimental noise artifact.

Figure 3.8 Distance distribution obtained at 80 K for 2-T4L 65/135.

Additionally, a study was done on a 2-T4L 65/80 mutant and a distance distribution of
about 2.5 nm was obtained which also agreed with the expected value (Fig.3.9).

87

Figure 3.9 Distance distribution for 2-T4L 65/80 at 80 K.

3.4.3 Motion Restriction by β-CD and Effect on Distance Distributions
In Chapter 2, a detailed discussion on β-CD was presented where it was emphasized
that it increases Tm when it forms a complex with a nitroxide. It was also mentioned that
in the presence of β-CD, narrower and more defined distance distributions in DEER
experiments might be obtained due to reduced conformational dynamics. In collaboration
with the group of Prof. Rajca and Mchaourab, we demonstrated that in the presence of βCD, there is substantial narrowing of the distance distribution obtained in DEER
experiments when β-CD is added to 3-T4L 65/80 and 3-T4L 65/135 in 10 % glycerol [69]
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Fig. 3.10 and 3.11 show the distance distribution for 3-T4L 65/135 that were
obtained in the presence and absence of β-CD at 80 K and 150 K. The results show that
narrower distance distributions are observed in the presence of β-CD than in absence of βCD. The narrowing of the distance distribution is attributed to reduced conformational
mobility of the spin label in the presence of β-CD. In addition to the narrowing of distance
distributions, there is a small shift in the distance distributions that tends to accompany the
presence of β-CD. This may indicate that in the presence of β-CD where motional dynamics
are constrained, certain orientations significantly dominate the dipolar interactions thereby
generating a slightly different distance than when motions are not restricted. “Orientation”
here means a subset of spin ensemble dominating the dipolar evolution. This small shift is
observed in both Fig.3.10 and 3.11. The distance measured from DEER experiments is
within the expected range of 4-4.5 nm.
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Figure 3.10 Comparison of distance distributions at 80 K for
3-T4L 65/135IA with β-CD (magenta) and without ß-CD (blue)

65-135IA-DZD in 10% glycerol
at 160K

65-135IA-DZD +-CD in 10% glycerol
at 160K

0

2

4
6
r(nm)

8

10

Figure 3.11 3-T4L 65/135 Deer distance distribution at 160 K with (magenta)
and without (blue) ß-CD
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On several occasions, it was observed that adding ß-CD leads to a slightly betterdefined DEER modulation depth as shown in Fig.3.12. This better definition of the
modulation is why the distributions in the presence of ß-CD tend to be narrower compared
to the absence of ß -CD. Again, the presence of ß-CD may reduce processes that take spins
off-resonance thus increasing the number of excited spins causing a deeper modulation
obtained and may decrease the range of conformations that are populated.
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Figure 3.12 DEER dipolar evolution for 3-T4L 65/135 at 80 K in the
presence (top) and absence (bottom) of ß -CD in 10% glycerol.
Black = experiment and Red = fit

3.4.4 Distance Distributions in Rigid Lattices
There is an increasing interest in performing DEER experiments at higher and
possibly ambient temperatures [59-60]. One method to achieve this is to immobilize
biomolecules in rigid lattice environments that can permit high temperature experiments.
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This means that as the temperature increases, the lattice remains intact allowing higher
temperature measurements because there is no softening or melting of the matrix as seen
in samples immobilized in frozen glassy matrices such as water: glycerol above about 160
K.
Immobilization in glassy matrices such as trehalose: sucrose is performed by
mixing a sample and the sugar in a ratio of 2000:1 (sugar: sample) to ensure magnetic
dilution. The water is removed by evaporation or by freeze-drying where the vacuum is
used to lyophilize the sample. Successful immobilization is checked by running a CW EPR
spectrum or an echo detected spectrum on the sample to ensure a rigid lattice spectrum
prior to DEER measurements. In addition, T m measurements may be taken on immobilized
samples to check for local high concentration. Poor immobilization leads to short T m due
to increased spin-spin interactions. At room temperature, Tm of nitroxide radicals when
properly immobilized is about 500 ns. However, in samples that are not correctly
immobilized and tend to be aggregated, Tm can dramatically decrease down to 100 ns.
Fig.3.13 shows an example of a dipolar evolution obtained by performing DEER
experiments on 3-T4L 64/135 immobilized in trehalose: sucrose at 80 K and 160 K. The
experiment was done as a proof of concept to demonstrate that it is possible to immobilize
a biomolecule in a rigid environment and obtain reliable measurements. Although the
signal to noise is poor, it is shown that the modulation is very well defined and can
accurately be analyzed. The fit to the data is not very good and this may be due to the
assumption of a homogeneous distribution when in fact the dimensionality of the
distribution is not perfectly 3 in a rigid lattice environment. For data with very poor signal
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to noise, a filter may be applied provided that it is cautiously done so as to not affect the
results.
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Figure 3.13 DEER dipolar evolution of 3-T4L 65/135T4L in a
trehalose glass at 80 K (bottom) and 160 K (top). Black
=experiment, Red= simulation

Fig.3.14 shows a distance distribution obtained by analyzing the dipolar evolution
shown above. Data were fit assuming a homogenous Gaussian distribution. As expected,
the distance distribution is narrower at 80 K compared to 150 K due to a longer T m, longer
data acquisition window and a better modulation depth.
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Figure 3.14 Comparison of distance distribution for 3-T4L 65/135
immobilized in trehalose glass at 80 K (Black) and 160 K (Red).

Generally, the signal to noise in trehalose or other solid lattices tends to be poorer
than samples immobilized in frozen glassy matrices. This may be due to sample loss when
immobilization is done by drying off the solvent. Also, because samples are dried and
evaporated on watch glasses or lyophilized under a vacuum, there is a large amount of
sample loss during transfer of the powder glass into EPR tubes. Another cause of poor
signal to noise is the low packing density of the material in the EPR tubes. Even at low
temperatures such as 80 K, the signal to noise in trehalose is still poor as shown in Fig.3.13.
In addition, compared to same samples in frozen glassy environments, the modulation
depth of the dipolar evolution is not as well defined. Although the filter may be useful in
94

data analysis, several scans were averaged to improve the signal to noise rather than relying
on filters that may distort and affect the results.
Immobilization of samples in solid matrices such as trehalose: sucrose may be a
daunting task where it may become difficult to obtain a good, immobilized spectrum. Very
low concentrations should initially be used to obtain a magnetically dilute sample. When
immobilization is performed by drying off the solvent, it should be done in a dry
environment to promote evaporation of the solvent. For samples that cannot be damaged
by slightly elevated temperatures or easily decompose, immobilization can be performed
by drying the sample in a low temperature oven (10 -15 minutes) and this method works
very well. Lyophilization is performed by keeping a frozen aqueous sample submerged in
liquid nitrogen or other low temperature mixtures and evacuating the solvent under the
lowest vacuum that can be attained.
3.5 Orientation Dependence
3.5.1 Orientation Dependence of Tm at X Band
In frozen and solid powder samples, molecules are randomly orientated relative to
the magnetic field and an EPR spectrum is a superposition of signals from various
orientations (see Figure 1.7 for a nitroxide). Since molecular orientations cannot be
uniquely determined in powder spectra, it is emphasized here that the term ‘orientation’
solely means a set of spins that are on resonance at a particular position in a powder
spectrum. For example, ‘orientation dependence’ of a measurement means dependence on
the position in the spectrum. Depending on the width of the spectrum and how well
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anisotropic interactions are resolved, the excitation pulse may only affect a small fraction
of spins thus leading to a signal that reflects a small fraction of the spin population. This
becomes even more significant at higher frequencies where the g anisotropy may become
more spectrally resolved [82-84]. Therefore, if the pulse is unable to select and excite a
large spin population, the net effect will be the reduction in the modulation intensity
relative to that implied by theoretical treatments [85]. Such selectivity caused by
inadequate pulse excitation bandwidth, if unaccounted for, can lead to incomplete or
erroneous interpretation of the measurements especially at higher frequencies such as W
Band where the g anisotropy can become significant [86]. However, orientation selectivity
itself is the goal of some DEER measurements.
The Tm position dependence throughout the powder spectrum at X Band is not
substantial at low temperatures. For example, for MTSL which is the common nitroxide
spin label used so far, an experiment was done at X Band to gain insight into the position
dependence of Tm. Fig.3.15 shows the Tm measured at several positions in the spectrum of
MTSL at 80 K and in water: glycerol obtained by fitting the echo decay with a single
exponential. It was demonstrated that Tm is reasonably constant at X band throughout the
spectrum varying between about 2.3 and 2.4 µs at the temperatures that are typically used
for DEER experiments. It is worth noting that if temperature is increased, T m may become
slightly more sensitive to position in the spectrum and small difference may be observed
in Tm throughout the spectrum. This effect may become larger if the nitroxide is not well
immobilized. These results show that at X Band, for most of the time, orientation
dependence can be ignored if short pulses with enough excitation bandwidths are used for
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exciting the spins. It also means that pumped and probed spins have the same T m in
nitroxide spin labels. This is an import outcome because if probed spins had shorter T m
compared to pumped spins, then the information obtained from DEER experiments would
not be accurate as the modulation would decay faster right after the pump pulse.
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Figure 3.15 X Band 1/T m orientation dependence of MTSL at 80 K in water:
glycerol obtained by single exponential fit

3.5.2 Orientation Dependence of Tm at Q Band
As the frequency is increased the g anisotropy may become more resolved, which
increases the orientation dependence of EPR experiments. If the g anisotropy is very high,
a significant difference between the Tm of the A and B spins may be observed where one
set of spins relaxes faster than the other. This also means that by the time the probe pulses
are applied, a significant signal intensity of the pumped spin echo will have decayed thus
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making it hard to track the dipolar modulation between the pumped and probed spins. In
other words, if Tm of spin A is significantly different compared to that of B due to
orientation environments, it can render the entire DEER experiments challenging.
Most of the DEER experiments are done at Q Band frequency (34 GHz) for
improved signal to noise. Although the Q band frequency is three times higher than the X
Band, fortunately the g anisotropy for nitroxide spin labels is still too low to make a
significant impact on Tm. Fig. 3.16 shows the orientation dependence of Tm for 1 at Q Band
throughout DEER relevant positions in the spectrum. It is shown that T m is nearly constant
throughout the spectrum at 80 K but becomes slightly orientation dependent at higher
temperature due to increased motions. Intermediate positions to those shown by arrows can
be assumed to have Tm values that fluctuate around these three shown values. Generally
speaking, the Tm dependence on position in the spectrum will resemble Fig. 3.15 in most
nitroxide radical spectra in rigid environments. Another example for T m of nitroxides at Qband is shown in [57]. Tm may become slightly sensitive to motion at positions in the
spectrum that correspond to orientations that are intermediate between the principal axes.
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Figure 3.16 Q Band 1/T m orientation dependence for 1 at 140 K (black) and
200 K (red)

Below is another orientation dependence (Fig.3.17) of 1/T m at relevant positions at
Q Band of 3 at 80 and 160 K. Tm is still sufficiently constant in this field range not to
warrant any new interpretation. In our studies, prior to DEER experiments, such quick
checks of orientation dependence or position in the spectrum are done. There is no
precedent that orientation dependence is significant in the nitroxide spectrum for well
immobilized samples.
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Figure 3.17 Q Band 1/T m orientation dependence for 3 at 80 K
(black) and 160 K (red) in water: glycerol

3.6 Frequency Dependence of Tm
The Tm orientation dependence discussed above was in principle dependence on
the orientation of the molecular relative to the magnetic field, at each possible DEER
frequency. The DEER experiments can be done either at X band or Q band depending on
the signal to noise ratio of the sample under study. It is therefore informative to know the
temperature dependence of electron spin relaxation times at both frequencies. Fig. 3.18 is
an example that compares the X and Q band temperature dependence of T m for 2 measured
at the maximum peak in EDFS. The measurements show that T m is the same at both
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frequencies. Although there could be a weak orientation dependence of 1/T m, this means
that experiments can be done at either frequency without worrying about the change in T m
as a result of using a different spectrometer frequency. A small resonance enhancement
observed at about 70 K in the 1/Tm of 2 is the result of methyl rotation. Details on processes
that govern Tm are presented next.
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Figure 3.18 1/Tm for 2 at X (black) and Q band (red).
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Chapter 4: Processes Governing T1 and Tm and Insights into Fitting Models
4.1 Introduction
The goal of any temperature dependence of electron spin relaxation is to understand
processes and mechanisms that govern relaxation. This chapter discusses processes
governing T1 and Tm mostly in nitroxide radicals and transition metal ions such as
Vanadium (IV) and Mn (VI). A detailed primer on various processes that govern T 1 in
solid and liquids can be found in [44, 87].
Studies of the temperature dependence of 1/T1 for many nitroxide radicals were
performed in our laboratory over the course of many years. The temperature dependence
of 1/T1 for all nitroxide radicals and proteins doubly labeled with nitroxide radicals are
reasonably similar. This is because they are in same glassy environments (water: glycerol
or immobilized in trehalose: sucrose) and the spin system is the same S =1/2. The similarity
of the T1 relaxation times indicate that the dominant relaxation mechanisms are nearly the
same. Therefore, only a limited number of representative data sets will be shown for
modeling and the interpretation can reasonably be applied to other nitroxide radicals. Data
presented in this chapter are from samples immobilized in either water: glycerol or
trehalose: sucrose. Measurements were taken between about 4 and 260 K for nitroxide
radicals, 4-160 K for Vanadium complexes, 4-30 K for iron-sulfur clusters and 4- 60 K for
manganate ions. The highest temperature at which a measurement is recorded depends on
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the signal to noise and the strength of the echo. Therefore, the temperature range may vary
from sample to sample. Before diving into T1 and Tm relaxation processes, an introduction
to how inversion recovery and echo decays are fit is presented.
4.2 Models for Fitting T1
4.2.1 Stretched Exponential and Sum of two Exponentials
Often, when temperature dependent measurements are presented, the interpretation
of the data may depend on the model that was used to analyze the data. The electron spinlattice relaxation reflects heterogeneous environments, and therefore it is often observed
that data can be fit with various exponential decays. When T1 is very short, data can be fit
with a standard single exponential which the reader is familiar with. For most of the time,
there is a variety of factors that may result in electron spin echo inversion recovery curves
for transition metal complexes and other magnetically dilute samples that are not well fit
with single exponential functions. One approach is to fit the data for T 1 with a sum of two
exponentials of the form [88]
𝑌(𝑡) = 𝐶 + 𝐶 𝑒 (

⁄

(

))

+ 𝐶 𝑒(

⁄

(

))

eq. 4.1

where C2/C1 is the ratio of contributions from relaxation processes with time constants of
T1(short) and T1(long). When experimental recovery data are fit with this type of
exponential (eq. 4.1), the T1 measurements that are reported are the long component T 1. It
often is assumed that the shorter time constant is due to spectral diffusion. Therefore, unless
otherwise noted, the T1 data that will be discussed in this chapter are the long component.
It will also be shown later than unless there are large distributions in relaxation times,
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various method can be used to fit the T1 data, and they tend to produce T1 values that are
reasonably similar. Fitting data with a sum of two exponentials is more accurate when the
signal to noise is good [89-90].
When there is a distribution in T1, models that better capture the distribution are
used to fit the inversion recovery data. A stretched exponential (eq. 4.2) is an example of a
model that is used to fit T1 data when there are distributions in T1 and is given by
Y (t) = C0 + C1exp (-t/T1) β

eq. 4.2

where t is temperature, β is the stretch parameter and T1 is the most probable value in the
distribution [91]. When β is 1, the distribution is very narrow and a β close to zero reflects
very wide distributions [92] as often seen at lowest temperatures. When the T 1 distributions
are not significant eq. 4.1 and 4.2 give T1 values that are very close to each other. Fig.4.1
compares the temperature dependence of 1/T1 for 2 immobilized in trehalose: sucrose
obtained by a stretched exponential and a sum of two exponentials. The stretched
exponential fit tends to give T1 values that are slightly shorter than the long component
from the sum of two exponentials as shown in Fig. 4.1. The stretch parameter β was about
0.3 at 4 K. As the temperature is increased and T1 gets shorter, the stretch parameter
increases and approaches 1 at high temperatures where T1 is short and can be fit with a
single exponential. This is consistent with the fact that T 1 distributions are wider at low
temperatures (β approaches 0) and get narrower at high temperatures (β approaches 1). In
between those temperature extremes, β varies between 0.3 and 0.99 while following the
trend in T1 as expected.
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Figure 4.1 Comparison of T1 by stretch exponential (red) and the
long component from the sum of two exponentials (black) for radical
2 in trehalose: sucrose

The advantage of the stretched exponential compared to the sum of exponentials is
the possibility that if there is a distribution in T1, it is represented in the stretched
exponential parameter β [93]. When T1 measurements are taken as a function of
temperature, the stretch parameter β may strongly depend on temperature and the
interpretation of relaxation times may become difficult. Therefore, T1 data may be analyzed
with a model that accounts for the temperature dependence of the stretch parameter and in
this case, the stretched exponential may be more appropriate [93] provided that the signal
to noise is adequate. Because a stretched exponential reflects a distribution of components
and a bi-exponential fit is one of the models that attempt to fit data with more than one
component and is a surrogate for a distribution, it is reasonable to think that these two
methods will generate T1 values that are closely similar compared to other fitting models.
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The modeling of T1 to understand relaxation mechanisms will be done on T 1 obtained from
fitting inversion recovery with a sum of two exponentials for cases where it is likely that
the faster component is due to spectral diffusion. Also since the sum of two exponentials
is the most common method used by many investigators in fitting T 1, models discussed in
this section will be individually compared to the T1 obtained by the sum of two
exponentials. A stretched exponential is preferred for cases in which the distribution in T1
is attributed to other sources such as the vanadate complexes and the Fe 4S4 clusters.
4.2.2 UPEN
a) Why UPEN?
When T1 becomes extremely long, it becomes difficult to fit the data either with eq.
4.1 or 4.2. This is the case for nitroxide radicals that tend to have very long T 1 at low
temperatures or irradiated samples where defects centers create isolated electron spins with
very long relaxation times. Fig. 4.2 shows an example of inversion recovery in irradiated
boron glasses (B2O3) at liquid helium temperatures.
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Figure 4.2 T1 in irradiated boron glasses

At 5 and 10 K, the inversion recovery is very slow and it is difficult to obtain a
window long enough to accurately record the T1 recovery. Therefore, fitting such long
recovery (5 and 10 K data) with eq. 4.1 may give inaccurate results. When this is the case,
an alternative method for fitting inversion recovery curves can be used. It relies on a modelfree distribution of exponentials called Uniform-Penalty Inversion Recovery of
Multiexponential Decay (UPEN) and uses an algorithm based on equations in [94]. The
UPEN computes T1 as the sum of probability functions and displays the data as a Gaussian
distribution. When data are fit this way, the geometric mean values are considered the ‘true
T1’ and can be used to compare to the T1 values from other fitting methods.
Another reason for fitting data with UPEN is when there is a wide distribution and
the calculated values of T1 depend strongly on the length of the data acquisition window.
Fig.4.3 shows the temperature dependence of 1/T1 relaxation in two different types of
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irradiated B2O3 glasses when data are collected at the maximum position in the EDFS and
at the second position (15 G lower than the maximum position). Different radicals may
contribute at the two field positions.
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Figure 4.3 Temperature dependence of T1 in irradiated boron glasses

When data were fit with a sum of two components (eq. 4.1) and the long component
assigned to T1, it became very hard to compare samples due to a scatter in the
measurements, most likely from distributions due to g strains and overlapping signals. One
sample was a calcium metaborate (named “CaMetaborate” in the figure) and another was
a standard B2O3 (named “technical grade” in the figure). Measurements were quite
different especially in the CaMetaborate at the two positions studied, which could be due
to partially overlapping spectra. The data show that between about 4 and 10 K the
measurements at the two positions are similar. However, as the temperature increases, the
divergence in the 1/T1 for the CaMetaborate trend becomes substantial. After observing the
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trends above and the fact that very long inversion recovery cannot accurately be fit with
eq. 4.1 or 4.2, data were analyzed by UPEN and the results are presented next.
b) Selected Results from UPEN

⁎ Irradiated Boron glasses:

Analysis of inversion recovery curves with UPEN

showed that there are very wide distributions of T1 that may not be captured by fitting data
with standard single exponential functions. An example below (Fig.4.4) is presented that
shows the UPEN analysis of inversion recovery at selected temperatures from irradiated
boron glasses. At about 5 and 10 K, the distributions are very wide indicating that
exponential decays may not give accurate values of T1.
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Figure 4.4 Comparison of T1 distributions in irradiated CaMetaborate and
B2O3 glasses.
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The distributions at these temperatures are so wide that they overlap with each other
covering the same range of relaxation times, but with different weightings. If data are fit
with a single or sum of two exponentials, the values could be one of the distribution values
shown above. This means that any comparison of relaxation times for these samples should
be done in terms of distributions rather than individual T 1 constants obtained by fitting
inversion recovery with a single or sum of two exponentials when data have such wide
distributions.

⁎Nitroxide label 1: Fig 4.5 shows an example that analyzes T1 for nitroxide radical
1 at various temperatures using the UPEN method. At very low temperatures where T 1 is
very long, the distributions can either be very wide or resolved into multiple components
as shown. This means that for example, if the inversion recovery at 5 K were to be fit with
a single exponential or a sum of two exponentials as usually done by many researchers, the
T1 constant obtained would be one among many possible values. The advantage of UPEN
over these other methods is that it reflects the overall distribution of possible T 1 values
present in the measurements. The 10 K measurement (red line in the same figure) shows
that T1 measurement is also resolved into two distribution components. These T 1
components cannot explicitly be accounted for unless data are analyzed by UPEN.
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Figure 4.5 UPEN analysis of T1 for 1 at selected temperatures in water:
glycerol

⁎Fe-S Clusters: In samples where there exist large g and A strains, UPEN may be
the most appropriate method of analysis for T1 inversion recovery measurements. For
example, Fe-S clusters display very large g strains in their CW spectra. When electron spin
relaxation is of interest in these samples, UPEN may be the most appropriate method to
obtain more accurate T1 values. Ngendahimana et al [93] demonstrated the utility of this
method in analyzing various inversion recovery measurements from different samples of
vanadate complexes and Fe-S clusters.
For example, Fig.4.6 is the T1 distributions obtained by analyzing the inversion
recovery for pyruvate formate lyase activating enzyme (PFL-AE) at selected temperatures
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[93]. It is shown that distributions can be accurately captured. The asterisk marks a
component that is proposed to be an overlap from another iron-sulfur cluster and this
information can only be obtained if such data are analyzed by UPEN. The power of UPEN
in unraveling distributions in T1 relaxation times provides a wealth of information that
would be unattainable from other fitting methods.
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Figure 4.6 A T1 distribution in the [2F-2S]+ cluster of PFL-AE at selected
temperatures. Adapted from 93

c) Comparison of UPEN and sum of two exponentials
The UPEN method hasn’t found a widespread application among researchers in
fitting electron spin recovery curves. Our group routinely used this method to gain
insight into relaxation distributions. We investigated the T 1 temperature dependence of
a mononuclear V (IV) complex (n-Bu3NH)2 [V (C6H4O2)3] [96] shown in Fig.4.7. This
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complex is referred to as “Butyl vanadate complex” throughout the rest of this chapter.
The T1 measurements were recorded by inversion recovery on this complex in orthoterphenyl (OTP). The comparison of the T1 data obtained by fitting the inversion
recovery with UPEN and eq. 4.1 is shown in Fig.4.8.

Figure 4.7 A structure of a vanadium catecholate complex. R=
Butyl. It will be referred to as ‘Butyl vanadate complex’ in the
text. Adapted from [96]

For many researchers who fit inversion recovery with a sum of two exponentials, the long
component is reported as the true T1 either in published or unpublished reports. Thus, the
comparison shown here also attributes the long component to T1. In this comparison, the
T1 data from UPEN are the geometric mean values. Except for at lowest temperatures
where spectral diffusion leads to a small difference in the T1 values, overall, the two
methods give T1 values that are reasonably similar above 10 K. It is not always that the
UPEN and the sum of two exponentials will produce T1 that are similar as will be shown
later.
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Figure 4.8 Comparison of T1 by UPEN and long component from the sum of
two exponentials for the Butyl vanadate complex in OTP

4.2.3 Spectral Diffusion Model
When the sample has a high concentration, cross-relaxation becomes a dominant
mechanism that governs electron spin-relaxation. This mechanism is predominantly
observed at very low temperatures where it causes faster relaxation. At high temperatures,
its effect becomes minimal. To obtain accurate T1 values from samples with a high
concentration of spins, T1 may be fit with a model that accounts for these processes. The
expression for spectral diffusion effects is given by [95]

Y (t) = C0 + C1[𝑒

]

eq. 4.3
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where

is the contribution from spectral diffusion, which is a relaxation based on a

dipolar interaction with the nearest fast relaxing species. Spectral diffusion may be more
common than expected. Even in low concentrated samples, a small contribution from
spectral diffusion may still be present. Therefore, fitting T1 data with this model may give
more accurate results especially at very low temperatures where this process is more
relevant.
a) Comparison of spectral diffusion and sum of two exponentials
A comparison of the T1 values obtained by fitting the inversion recovery curves with
the spectral diffusion model (eq. 4.3) and a sum of two exponentials is shown in Fig.4.9.
The spectral diffusion model gives slightly longer time constants at the lowest temperatures
than the sum of two exponentials. As the temperature increases, T 1 values obtained by both
methods become similar. Later, a direct process which is a relaxation mechanism that
dominates T1 below about 4 K and as high as 10 K will be discussed. It is mentioned that
in order to accurately interpret data within this temperature range, a model that accounts
for spectral diffusion may be more appropriate than other fitting methods.
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Figure 4.9 Comparison of T1 from a Butyl vanadate complex in
OTP by the long component of eq. 4.1 (magenta) and eq. 4.3
(black).

4.3 Impact of Distributions on T1 Fitting Models
So far, section 4.2 has shown that T1 measured by inversion recovery can be fit with
a sum of two exponentials, a stretched exponential, a UPEN method and a model that
accounts for spectral diffusion. It also has been shown that all those fitting methods tend
to produce T1 values that are reasonably similar. However, it is not always true that various
fitting methods will produce T1 values that are close to each other as shown in the previous
comparisons. There are times when the presence of very large distributions will cause
various fitting methods to give fundamentally different results. Ngendahimana et al [93]
investigated the temperature dependence of T1 in a series of iron-sulfur clusters. As
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mentioned in section 1.8, iron-sulfur clusters tend to have significant distributions and this
is observed in their relaxation times [45, 93]. Fig.4.10 compares the T 1 in [4F-4S]+ from
MftC obtained by fitting data with the three methods described earlier (eq. 4.1, UPEN and
eq. 4.3). Because these clusters have very short relaxation times, data are only available
within a short temperature interval. It is demonstrated that fitting data with a sum of two
exponentials, stretched exponential, and UPEN generates data with a significant scatter
that may make data interpretation in this case not straightforward. This scatter in the results
may stem from the presence of g strains that dominate these systems [93,97]. Comparison
of relaxation rates for different samples should be based on data analyzed in the same way.
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Figure 4.10 1/T1 rate for iron-sulfur cluster in MftC by eq. 4.1, UPEN and eq. 4.3.
Adapted from [93]
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4.4 Models for Fitting Tm
4.4.1 Single and Stretched Exponential
Two-pulse echo decays can either be fit with a standard single exponential or a
stretched exponential (eq. 4.4) if ß~1. The stretched exponential function for T m is given
by 𝐼(𝜏) = 𝐼(0) 𝑒

eq. 4.4

where β is a stretch parameter, Tm is the phase memory time and  is the inter-pulse delay
and data are collected for a time 2τ. When β is greater than about 1.5, the echo decay
assumes a sigmoidal curve and this happens in an environment where echo dephasing is
dominated by nuclear spin diffusion (random flip-flop jumps of matrix nuclei that
accelerate the electron spin dephasing). It is less 1 when there is a dynamic process that
shorten Tm and the echo decay assumes a single decay or a distribution depending on the
magnitude of the dynamic process. A β =1 is a standard single exponential.
When there is an assumption that there are two different decoherence mechanisms
present, there is a precedent to fit the Tm data with a sum of two stretched exponentials and
a product of two stretched exponentials [98]. For those echo decays where T m is short and
can be fit with either model, the stretched exponential gives better fits to the echo dephasing
qualitatively, but single exponentials tend to produce slightly longer Tm. The disadvantage
of the stretch exponential fits is that by having two parameters there is more scatter in the
resulting values. For single exponential fits the reproducibility in T m is typically about 5%
on the spectrometer used in these investigations. Uncertainties are larger for the values
obtained by stretched exponential fits.
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Fig.4.11 compares the results obtained with stretched and single exponentials for
various samples of 3-T4L 65/80 in the presence of 10 mM ß-CD at liquid nitrogen
temperatures between 80 and 160 K. It is shown that the single exponential decay gives
slightly longer Tm but the difference is small. Therefore, Tm echo dephasing in this case
may be fit with either exponential decay without changing the fundamental interpretation
of the data. Similar observations were made in other samples including nitroxide radicals
but only at higher temperatures where Tm is short. At liquid helium temperatures and in
protonated environments where Tm gets longer and is dominated by nuclear spin diffusion,
the echo dephasing can only be well fit with a stretched exponential.

5.0E-06
4.5E-06

Tm(s)

4.0E-06
3.5E-06
3.0E-06
2.5E-06
2.0E-06
1.5E-06
70

90

110

130

150

170

T(K)

Figure 4.11 Comparison of Tm obtained by single (red) vs stretched (yellow)
exponential fits for 3-T4L 65/80 (solid circle) and 3-T4L 65/80+β-CD (open
circle).  varies between 0.90 and 1.1 for stretched exponential fits
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4.5 A Note on Challenges in Fitting T m
When two pulse echo decays are modulated by the active nuclear spins present in
the vicinity of the electron spin, it becomes quite difficult to fit the echo dephasing. For
example, in protonated environments, the 1H modulation becomes very strong and makes
is difficult to accurately fit the echo decay. This generally happens when experiments are
done with very short pulses that excite the proton modulation. To improve the quality of
the echo decay and fit, longer pulses can be used to minimize the proton modulation and
improve the fit. It is worth pointing out that if instantaneous diffusion is present, using
longer pulses to minimize the modulation will give Tm values longer than those obtained if
shorter pulses are used. Instantaneous diffusion can be investigated by acquiring two pulse
echo decays with different pulse lengths. Fig.4.12 shows an example of a two pulse echo
decay modulated by a surrounding nuclear spin 2H in a deuterated Butyl vanadate complex.
The 2H modulation is deeper than the 1H further complicating the fitting of two pulse echo
decays. This is a problem in deuterated environments.
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intensity

2τ (µs)
Figure 4.12 A two pulse echo decay modulated by 2H in a Butyl
vanadate complex in OTP

When the echo is severely modulated by surrounding nuclear spins, selective pulses can be
used to minimize the modulation and improve the fit. If the modulation cannot be
adequately removed, the extraction of Tm value can be done by simulating the time domain
signal. The simulation can be achieved by combining a background decay and a frequency
modulation. If an acceptable simulation is obtained, then the background decay required to
match the simulation to the data is the Tm sought. If the modulation is caused by say 2H or
10

B, to simulate the modulation, the electron-nuclear interactions and other Hamiltonian
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parameters must be accurately known, and this itself is extremely challenging. Therefore,
estimating Tm by simulation of the time domain echo decay can become a daunting task.
An alternative method of obtaining Tm when the two-pulse echo is affected by a
nuclear modulation may be to fit the data with a decay that goes through the peaks of the
modulation. This is done by picking peak points which correspond to the maxima of the
modulation and fit selected points in the data. This method will cause large uncertainties
in the Tm values ((usually underestimating Tm)) and has occasionally been tried by using a
locally written program (EXPON) for fitting two pulse echo decays to get rough estimates
of the Tm values. This section marks the end of an introduction to methods used for fitting
T1 and Tm. In the next sections, processes that govern T1 and Tm will be discussed.
4.6 Processes governing T1 in solids or glasses
4.6.1 Introduction
Over the course of my research, several investigations on the temperature
dependence of T1 in nitroxide spin labels and a few transition metal ions were conducted.
This section presents selected and representative results from these investigations. As
introduced at the beginning of this chapter, nitroxide spin labels have S=1/2. Because most
of the samples that were studied are in same glassy environments (water: glycerol or
trehalose: sucrose), the T1 measurements among several samples are similar within
experimental uncertainties.
Fig.4.13 shows the temperature dependence of 1/T 1 for four nitroxide radicals with
a slight difference in the concentrations. Measurements were performed by inversion
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recovery at X Band. Data were collected at the maximum position in the EDFS. This is a
position where the echo signal is strong and unless otherwise noted, all measurements were
collected at this position. Small differences and deviations at very low temperatures are

log(1/T1, s-1)

attributed to small differences in the concentrations (see also Fig.4.1).
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Figure 4.13 Variable temperature dependence of 1/T 1 for four nitroxides. • is
0.5 mM of MTSL, • is 0.2 mM of 3, •is 0.5 mM 3+10 mM CB7 and • is 0.8
mM of 2

Data shown above are so similar and almost indistinguishable that only a representative
data set will be used to discuss process that govern relaxation in this section. Due to poor
signal to noise when the temperature increases and melting of frozen glassy matrices, data
in this dissertation are often only available within a limited temperature range. For this
reason, the relaxation processes that are included in the modeling of temperature
dependence of 1/T1 are the direct process, Raman process and local mode process. Other
contributions to relaxation especially in environments where tumbling is significant can be
found in [16, 44, 87].
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4.6.2 Direct Process
At very low temperature, the 1/T1 rate is governed by a single-phonon direct
process which is linearly dependent on temperature. In this temperature regime, there is an
exact match between the Zeeman energy and the surrounding lattice causing an energy
exchange between the spin system and the lattice [89, 99]. The direct process is given by
= AdirT

eq. 4.5

where Adir is the coefficient of the direct process, T is the temperature. The direct process
is observed below about 4 K and as high as 10 K and can easily be observed in magnetically
dilute samples. There are some factors that can make the assignment of the direct process
not straightforward. At very low liquid helium temperatures, nitroxide and trityl radicals
have very long T1 that may not be accurately measured especially between 4 and 8 K due
to the spectrometer limitations. Because of this difficulty, T1 values measured within this
temperature range may be shorter than the actual values. If this is the case, there may be
uncertainties in the data and the direct process may not be straightforward to assign. Also,
when the concentration is too high, cross-relaxation and other spin interactions can
dominate T1. Cross-relaxation occurs when there is a dipolar coupling between two or more
neighboring spins where one spin affects the relaxation of the other spin [100]. This
obviously is most likely in concentrated samples where spins may come into close contact
with each other. The effect of concentration on T1 can be found by measuring T1 on low
and high concentrations and looking for a difference in obtained T 1 values.
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Fig. 4.14 shows a comparison for T1 measurements of high and low concentration
of a Butyl vanadate complex. The sample was (Bu 3NH) 2[V(C6H4O2)3] whose structure is
shown in Fig.4.7 and was doped in the titanium diamagnetic analog at 0.5 and 0.05%
doping levels. Relaxation rate is faster for high concentration than for low concentration at
temperature below about 10 K due to spectral diffusion or cross-relaxation. This is a case
where without having the information about the concentration dependence of 1/T 1, the high
concentration 1/T1 may erroneously be fit with a direct process between ~4 to10 K when it
is in fact due to spectral and cross relaxation effects.
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Figure 4.14 Comparison of T1 for high and low
concentrations of a Butyl vanadate complex

Another example showing the effect of the concentration on the temperature
dependence of 1/T1 especially at low temperatures is shown in Fig.4.15. Specifically, the
measurements are from 100 mM (n-Hex3NH)2[V(C6H4O2)3] in OTP compared to 1mM in
the same solvent. This complex is similar to the Butyl vanadate complex except the R group
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is Hexyl. The structures and crystallographic information and other details about these
complexes were published in [96]. The concentration dependence of T 1 is prominent at low
temperatures in the range where the direct process may be expected. Therefore, before
modeling the temperature dependence of 1/T1, it is crucial to first understand the
concentration dependence of 1/T1.
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Figure 4.15 Comparison of T1 for high and low concentration of a Hexyl
vanadate complex in OTP. Blue = 100 mM, Orange = 1 mM.

So far, the discussion given above was a background on the effects of high
concentration on T1 and how this temperature range where the effect is pronounced must
be carefully analyzed. Fig.4.13 showed that the temperature dependence for several
nitroxide radicals is similar. It was also mentioned that only one representative data set will
be analyzed. Fig. 4.16 is the 1/T1 variable temperature dependence for 0.8 mM spin label
2 in trehalose: sucrose showing the modeling of 1/T1 as a sum of direct, Raman and local
mode processes and the temperature range in which they dominate. Individual processes
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are shown and the red line is the sum of all contributions. The direct process dominates
1/T1 between about 4 and 10 K. In this temperature range, the 1/T 1 rate is linearly dependent
on the temperature as shown by the gray line in the figure. The line should go all the way
up to the final temperature at which a measurement was recorded. However, for clarity, the
modeling data for this process have been truncated to show only a small range. This also
has been applied to both the Raman and local mode process where if data were not
truncated, lines would be going into negative y values, and this would make it hard to read
the figure.
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Figure 4.16 Modeling of 1/T1 of 0.8 mM 2 in trehalose: sucrose as a sum of
direct (grey line), Raman (orange line) and local mode (blue line) processes.
Red is the sum of the three contributions. For clarity, fit lines were truncated
to display a small temperature range in which the contributions were
significant.

4.6.3 Raman Process
When the temperature is increased, the Raman process becomes the dominant
relaxation mechanism (orange line in Fig.4.16). The process involves a two-phonon
process with a virtual state at an energy less than the Debye temperature and the difference
between absorption and emission from this virtual state is the energy transferred to the
lattice [89]. For spin systems with S=1/2, the contribution to relaxation is given by [101]
Ɵ

=ARam ( )9J8 ( ) eq. 4.6
Ɵ
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where ARam is the coefficient of the Raman process, T is temperature, Ɵ D is the Debye
Ɵ

temperature and J8 is the transport integral given by J8 (

Ɵ

)=∫

𝑥

(

)

𝑑𝑥 for

modeling heat capacity and analytically described in [102]. Below ƟD, the Raman process
contribution to 1/T1 is proportional to T9. Above the ƟD, the contribution becomes
proportional to T2. The Raman process has been observed in many species [89]. The
process is identified by studying the temperature dependence of 1/T1 over a wide
temperature range and it is characterized by a strong increase in 1/T 1 within 10-100 K [89].
4.6.4 Local Mode Process
The contribution to relaxation from the local mode process is shown by the light
blue line in Fig.4.16. It is a relaxation process initially proposed by Castle and Feldman in
the defect centers generated by 𝛄-irradiation of vitreous silica [103]. Contrary to other
relaxation mechanisms that involve long-range phonon modes, the local mode process
stems from discrete vibrational frequency of the molecule itself. It is given by an expression
of the form [104]
∆
eq. 4.7

∆

(

)

where T is the temperature, Aloc is an experimentally determined parameter, ∆ loc is the
energy of the local mode.
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For molecules that are immobilized in glassy matrices, the local mode may be
interpreted as the vibration within the molecule which may be impacted by its interaction
with the surrounding matrix. In some cases, this energy may be matched with some
vibrational frequencies of the molecule [89].
Although the section above showed measurements from a single nitroxide, various
samples were studied and modelled. The simulation parameters are summarized in Table
4.1. They include free nitroxide radicals and a T4L doubly labelled with 2. Adjustable
parameters are correlated. For example, the coefficient of the Raman process is correlated
with the Debye temperature. If the Debye temperature is increased, then the coefficient of
the Raman process must increase. Analogously, the energy of the local mode is correlated
with the coefficient of the local mode process.
Table 4.1: Modeling parameters obtained for temperature dependence of T 1 for nitroxides
and spin labels attached to proteins
Sample

Adir(s-1K-1)

ARam
(s-1)

ƟD
(K)

Aloc
(s-1)

∆loc
(K)

1 in H2O: glyc
3 in H2O : glyc
2 in trehalose:
sucrose
2-T4L 65/135
in H2O :glyc

0.15
0.70
1

3.8*103
3.8*104
9*104

95
130
155

6*104
4*105
1*105

430
740
620

0.3

6*104

170

1*105

620

4.7 Could Spin-lattice Relaxation become Independent of the Lattice?
Spin-lattice relaxation is the energy transfer from the electron or nuclear spin to the
neighboring environment (lattice) via thermal vibrations of the lattice. In EPR experiments,
the lattice can be a glassy solvent in which the sample is immobilized, including a cage
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that forms inclusion complexes with the molecule, such as ß-CD or CB7 presented earlier,
and other surrounding relaxing species.
While studying the temperature dependence of a series of vanadate complexes in
different glassy matrices to understand how the local environment affects T 1, it was
observed that T1 values were similar in different matrix environments that would otherwise
be expected to affect and change T1. The experiment was conducted on a series of Butyl
vanadate complexes. Three matrix environments studied were: Butyl vanadate complex in
OTP, in deuterated OTP (d14-OTP), and in a Ti diamagnetic analog (similar to Butyl
complex except V is replaced with Ti).
In principle, because these three matrices are different if one thinks about local
vibrations and possibly their Debye temperatures, and because Raman and local mode
processes are effective T1 relaxation mechanisms, it might be anticipated that electron spin
lattice relaxation (T1) would be quite different in these matrices. Fig 4.17 shows T1
measurements for the Butyl complex in three different environments. It is shown that over
the temperature range studied, the T1 measurements are almost indistinguishable even
though they are in disparate matrix lattices. This similarity in the values of T 1 indicates that
the vibrations of the molecule itself may be the dominant relaxation mechanism rather than
the surrounding matrix lattice.
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Figure 4.17 1/T1 for the Butyl vanadate complex in different matrix environments.
The concentrations were 1 mM for BU-NH in OTP and BU-NH in d-OTP

To understand processes that govern T1 relaxation in these environments, 1/T1 was
modelled with processes that were described in the previous section. The modeling
included a contribution from a direct process, Raman process, and a local mode process.
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Figure 4.18 Modeling of 1/T1 for 1 mM Butyl vanadate complex in d-OTP with a
sum of direct, Raman and local mode processes. Red is the sum of all processes.
For clarity, fit lines were truncated to display a small temperature range in which
the contribution was significant.

The simulation parameters are shown in Table 4.2. The fit parameters indicate that the
Debye temperature and local mode energies are same within simulation uncertainties. This
indicates that even though the matrix lattices are different, the underlying relaxation
mechanisms are similar. This would strongly suggest that the vibrations in the molecule
itself govern relaxation.
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Table 4.2: T1 Modeling parameters for Butyl vanadate complex in various matrix
environments
Sample

Adir
(s-1K-1)

Aram
(s-1) *105

θd
(K)

Aloc
(s-1) *107

Δloc
(K)

Butyl in H-OTP
Butyl 0.05% in
Ti diamagnetic
analog
Butyl in d-OTP

2.8(±0.2)
3.8(±0.2)

5.1(±0.2)
3.9(±0.2)

65(±3)
68(±3)

0.80(±0.02)
0.98(±0.02)

260(±20)
300(±20)

3.5(±0.2)

3.3(±0.2)

66(±3)

1.20(±0.02)

280(±20)

Similarly, the T1 for MTSL between 4 K and 240 K is very similar in 1:1
water:glycerol and in a trehalose:sucrose glass. Even though MTSL is a smaller molecule
than the vanadate complexes, the internal motions of the molecule dominate the spin
relaxation.
The contribution to T1 relaxation from direct, Raman and local mode processes was
observed in other d1 transition ions (Fig.4.19). We explored electron spin relaxation of
manganate ion in glassy solutions of LiCl and doped in Cs 2SO4 at X band between 4 and
60 K [97] and compared the results to other d1 species (Fig.4.19). These included: a
tetragonally compressed 4-coordinate CrO43- in CaMoO4 [105], a distorted octahedral
V(IV) trischatecholate in OTP ( the structure for this sample is similar to the structure in
Fig.4.7 except the R group is ethyl and was published in [96] and [106]), aquo vanadyl in
1:1 water :glycerol [107-108], and a square pyramidal CrO(HEBA)2- where HEBA = 2ethyl-2-hydroxy-butyrate in water : glycerol [109].
The inversion recovery curves for MnO42- in LiCl were fit with a stretched
exponential with β ranging from 0.6 at 4.2 K to 0.8 at 60 K. These β values are significantly
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less than 1 which indicates the presence of a distribution in the relaxation times as often is
observed in transition metal ions [93]. The distribution was confirmed by the UPEN
method described earlier. Since the values obtained by the stretched exponential fit were
similar to the UPEN geometric mean values, only stretched T1 values are analyzed here.
This is also done for consistency because the data for other d 1 species shown here were
obtained by a stretched exponential fit.
As expected, the higher concentration sample has a faster 1/T1 rate below about 10
K and this is an example of cross relaxation. In this temperature range, the modeling used
a direct process for the lower concentration sample. It was shown earlier that when there is
a concentration dependence of 1/T1, the lower concentration should be used for modeling
the direct process and that is why the modeling in Fig.4.19 fits the data from the 0.2mM
MnO42-sample in better than the 2 mM sample.
The comparison of Mn+6 in this study with other various d1 complexes with various
ligands and geometries showed that the underlying relaxation mechanisms are primarily
similar but with substantial differences in parameters. Above about 10 K, the 1/T 1
relaxation rate is dominated by a contribution from the Raman process and an increasing
contribution from the local mode process at higher temperatures. In a tetrahedral distorted
symmetry, orbital mixing may be substantial thus making the Raman process more
effective in inducing relaxation [97].
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Figure 4.19 Temperature dependence of 1/T1 for 2 mM MnO42- in alkaline LiCl
(closed green square), 0.2 mM MnO42- in alkaline LiCl (closed blue circles),
CrO43- in CaMoO4 (dark green diamonds), (Et3NH)2[V(C6H4O2)3] in orthoterphenyl (orange x), aquo vanadyl in 1:1 water : glycerol (red +) and
CrO(HEBA)2 in 1:1 water : glycerol (pink triangles). The solid lines are the
modeling fit as a sum of direct, Raman and local mode processes. Adapted from
85
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4.8. Processes that Govern T m in Solids
4.8.1 Introduction
Although not all processes that cause spin dephasing can be theoretically or
experimentally well determined, there are those that play a major role in the electron spin
dephasing and can reasonably be classified as major dephasing mechanisms. In Chapter 1,
it was explained that during the measurements of T m or T2, the electron spin magnetization
is tipped into the XY plane by a π/2 pulse. It was also mentioned that after this pulse, the
spin dephasing follows whereby the magnetization entropically recovers to its equilibrium.
This section seeks to shed light on mechanisms and processes that cause or govern this
dephasing.
Obviously, the first mechanism that cause dephasing is the entropic dephasing
where electron spins with differing resonance frequencies are precessing at different rates
in the XY plane. This entropic precession and dephasing are due to electron- electron or
electron- nuclear spin interactions in which destructive interference governs the behavior
of the spin ensemble.
4.8.2 Nuclear Spin Diffusion
The nuclear spin flip-flop effect on electron dephasing is called nuclear spin
diffusion. For example, in protonated environments, dipolar flip-flop of matrix nuclear
magnetic moments will produce randomly varying fields at the site of the electron. This
external local field fluctuation from 1H will cause the electrons to change their Larmor
frequency and thus accelerate their dephasing. This is the reason why Tm is shorter when
137

the sample is in a bath of 1H nuclei. Nuclear spin diffusion is an effective dephasing
mechanism that governs spin echo dephasing Tm in rigid matrices and especially at low
temperatures. For nitroxide radicals, this occurs between about 4 and 60 K where T m
remains nearly constant. Fig.4.20 shows the temperature dependence of T m for 0.5 mM
MTSL in trehalose: sucrose.
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Figure 4.20 Process governing Tm in MTSL in trehalose: sucrose.

There are other tests of whether Tm is dominated by nuclear spin diffusion.
Typically, at low temperature, the electron spin dephasing follows a stretched exponential
decay shown in eq. 4.4. As a reminder, β varies between 1.2 and 2.2 for spin dephasing
governed by nuclear spin diffusion and the shape has a sigmoidal curve [110]. When  is
equal to 1, the echo dephasing follows a single standard exponential decay. A ß less than
1 is characteristic of a dynamic process or a distribution. The impact of nuclear spin
diffusion on Tm can be confirmed by replacing the solvent with a deuterated analog because
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the smaller magnetic moment of 2H decreases the dipole-dipole interaction and thus
increases Tm.
Fig.4.21 compares a single and a stretched exponential decay shape. The stretched
exponential decay has a slow intensity decay at the beginning and assumes a sigmoidal
curve. Again, the stretched exponential is observed when spin dephasing is dominated by
nuclear spin diffusion such as in protonated matrix environments (mostly between 4 and
60 K). For example, the data within the range shown as nuclear spin diffusion in Fig.4.20
were obtained by fitting the echo decay with this method.
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Figure 4.21 A stretched exponential decay (Blue, T m = 4.8 µs, 
=1.8) vs a single exponential decay (orange, Tm = 3.5 µs,  = 1.1).

4.8.3 Methyl Rotations
Methyl rotation is an effective electron spin dephasing when the temperature is
increased above about 80 K in nitroxide and other radicals with gem-dimethyl groups or
other substituents. It causes a resonance enhancement shown as an increase then a decrease
in 1/Tm as the temperature increases. The maximum rate enhancement occurs at the
temperature where the methyl rotation rate is equal to difference between inequivalent
hyperfine couplings that are averaged by the rotation. This dynamic process decreases T m
and most of the time the spin echo decay can be fit with a stretched exponential with  <1.
For example, it has been demonstrated that when there are rapid motions that modulate
electron-nuclear interaction, this will result in values of  < 1 [111]. Thus, a methyl
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rotation enhancement decreases Tm and is undesirable in ideal nitroxide spin labels for
DEER measurements conducted at temperatures above about 80 K. Fig.4.20 shows a
temperature region where methyl rotation dominates Tm for MTSL immobilized in a
trehalose: sucrose rigid lattice.
In addition to methyl rotations in nitroxide radicals, we observed the effect of
methyl groups on Tm in other spin systems. While investigating the temperature
dependence of Tm in a series of V(IV) vanadate complexes similar to the one shown in
Fig.4.7 where R= Ethyl, Butyl, Hexyl and Octyl, it was observed that at low temperatures,
Tm is longest in the Octyl and Hexyl vanadate complexes with a Tm of about 5.2 µs (β
=2.1). The two complexes were followed by the Butyl vanadate complex with a T m of
about 4.1 (β =1.1) µs and finally with the Ethyl vanadate complex having a T m of 2.2 µs (β
=0.6). Fig.4.22 shows the comparison of the echo decays for the four complexes at about
10 K indicating that Tm for these complexes follows the order Octyl ~ Hexyl > Butyl >
Ethyl.
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Fig.4.22 Comparison of echo decays for vanadate complexes at 10 K.

Fig.4.23 shows the temperature dependence of Tm for the four complexes from 4 to 140 K.
Tm starts to decrease from 4 K and all the measurement converge at 80 K where T m becomes
almost similar for the four complexes. This is the point where T 1 starts to dominate Tm. It
should be noted that the Hexyl, Octyl, and Ethyl complexes can be fit with a stretched
exponential. The Butyl complex is fit with a single exponential. For consistency, all T m
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data were obtained by fitting the echo decay with a stretched exponential. These
measurements demonstrated that as the length of the alkyl chain decreases in the R 3NH+
counter-ion, the effect of the methyl groups on T m become pronounced. This implies that
at lowest temperatures the nuclear spin diffusion from the matrix dominates T m in
complexes with longer alkyl chains (Octyl and Hexyl) and dynamic methyl rotation
become dominant in shorter alkyl chains (Butyl and Ethyl). In this low temperature range
the methyl dynamics are attributed to quantum mechanical tunneling.

Fig.4.23 Temperature dependence of Tm in four vanadate complexes in OTP. All
complexes were 1 mM

Below (Fig.4.24) are the stretch parameters for the Tm measurements shown in Fig.4.23.
The trends in β follow the trends in Tm where the longest relaxation times correspond to
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the longest stretch parameters. The large β values observed in the Octyl and Hexyl vanadate
complexes demonstrate that Tm in these complexes is primarily driven by nuclear spin
diffusion at low temperatures while methyl groups drive Tm in Butyl and Ethyl as
evidenced by their lower β parameters. The impact of methyl groups on T m in these
vanadate complexes that are purported to have a potential of functioning as qubits in
quantum computing [112] can be considered in the molecular design for those who seek to
understand the spin dynamic properties in these complexes [96,112-113].

Fig.4.24 Temperature dependence of ß for echo decays of vanadate complexes

4.8.4 Motional Modulation of Anisotropy
Motional modulation of g and A anisotropy is the process that can drive T m as the
temperature increases and approaches the glass transitions. As the temperature is increased
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in this range, Tm rapidly becomes shorter. Even small motions are sufficient to take spins
off resonance and prevent refocusing by the second pulse of the two-pulse sequence.
Fig.4.20 shows a temperature range where small amplitude motions become dominant in
the 1/Tm of MTSL immobilized in trehalose: sucrose.
Processes that drive Tm discussed here may not all be observed in all nitroxide
radicals depending on the structure of a nitroxide. As previously shown, not all nitroxide
radicals have gem-dimethyl groups. In fact, for improved design of nitroxide spin labels, it
is desired to have nitroxide spin labels without methyl groups. Therefore, processes
governing relaxation in those nitroxide labels may only be nuclear spin diffusion and
increased motions of radicals in rigid lattice matrices at high temperatures. In this Chapter,
only processes that govern T1 and Tm in rigid lattice environments are presented. There are
other processes that become relevant in fast tumbling regimes and they have been reviewed
in [89, 114-116].
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Chapter 5: Probing Electron Spin Local Environments by ESEEM
5.1 Introduction
Electron Spin Echo Envelope Modulation [117-118] (ESEEM) is an advanced EPR
method for probing local environments around the electron spin and can unravel complex
structural information otherwise unattainable by other methods [14, 110].

In this

experiment, the echo is generated by a sequence of microwave pulses and studied as a
function of time between pulses. If the electron spin is in an environment where it is
coupled to nuclear spins, then the echo amplitude is modulated by nuclear spin transition
frequencies.
Fig.5.1 shows 2p and 3pESEEM pulse sequences that are commonly used in
probing the ESEEM modulations. The modulation is observed by incrementing the time
in two pulse ESEEM or T in three pulse ESEEM experiments. The Fast Fourier
Transform (FFT) of the time domain signal produces the frequency of interest.
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Figure 5.1 2p and 3pESEEM sequences for measuring nuclear
frequencies. Adapted from [14]

The two-pulse ESEEM experiment which is the foundation for other advanced
pulse ESEEM sequences was first introduced by Rowan, Hahn and Mims [117] for EPR.
Mims further developed both the EPR theory and techniques [118]. In the two-pulse
experiment, an electron spin echo is generated after the second pulse at time τ. As τ is
incremented, a modulation envelope is obtained and is related to nuclear transition
frequencies within the electron spin manifolds.
In addition to fundamental nuclear frequencies, the sum and difference of the basic
nuclear frequencies can also appear in two-pulse ESEEM. For the simple case of nuclear
S=1/2 and I= 1/2, the expression for two-pulse ESEEM is given by [14]
𝑉 (𝜏) = 1 − [2 − 2 cos( 𝜏) − 2 cos  𝜏 + cos( 𝜏) + cos( 𝜏)

eq. 5.1

where k is the modulation depth,  is the inter-pulse delay, ωα, ß are the nuclear frequencies
in the two electron spin manifolds and ω-+ are the difference and sum frequencies. Because
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2pESEEM can generate both fundamental frequencies and multiple quantum frequencies,
if the sample has one or multiple nuclei that produce complex frequencies, 2pESEEM
becomes less useful in understanding fundamental frequencies and identifying possible
nuclei present.
In 3pESEEM method, the technique is based on a sequence of three pulses where
inter-pulse delays are  and T. T is kept constant while  is varied. The reader is reminded
that either t or T are used to denote the inter-pulse delay in the literature. Therefore, T
should not be confused with temperature especially in the context of pulse sequences. In
3pESEEM, the echo intensity is measured as a function of . Compared to 2pESEEM,
3pESEEM provides simpler frequency spectra. In addition, T1 dictates the echo modulation
decay compared to Tm in 2pESEEM. Because T1 is often longer than Tm, this means that
the echo can be monitored for a longer time window in 3pESEEM than 2pESEEM.
Therefore, 3pESEEM becomes a technique of choice if the objective is to understand basic
frequencies coming from nuclei in the vicinity of the electron spin. Although there are
multiple advanced EPR methods for studying nuclear frequencies in the environments
around the electron spin, only basic ESEEM techniques were explored in the work
presented in this chapter.
5.2 Results
5.2.1 Proton ESEEM Modulation
Proton modulation is often encountered in pulsed EPR where it may stem from
matrix protons or weakly coupled 1H in the sample. It modulates the two-pulse echo decay
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measurements, and its modulation is present in most EPR samples. Fig.5.2. shows a
3pESEEM nuclear modulation in 1mM Butyl vanadate complex in OTP. The simulation
(orange) was performed to estimate the number of 1H nuclei in the vicinity of the electron
spin. The number of surrounding nuclei is determined by matching the simulated
modulation depth to the experimental ESEEM modulation depth and it was found to be
about 14 1H nuclei. The simulation is better at the beginning and poor at later times. The
mismatch between the simulation and the experiment at later times is due to inaccurate
distances between the electron spin and the 1H nuclear spin, and inaccurate orientation
angles between the electron-nuclear spin vector relative the magnetic field direction. The
simulation was not meant to be rigorous but to gain insight into the number of 1H nuclei in
the vicinity of the electron spin environment.

Proton ESEEM Simulation
echo intensity (a.u)
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0.6
0.4
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0
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T+tau (ns)

Figure 5.2. 3pESEEM 1H modulation in 1mM Butyl vanadate
complex in OTP at 40 K. Blue is experimental data and orange is
the simulation
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In addition to estimating the number of nuclear spins in the vicinity of the electron
spin, 2pESEEM or 3pESEEM can be used to estimate the distance between the electron
and the nuclear spin. The dipolar interaction (Tdip) between the electron spin and the nuclear
spin is a function of a distance r between the electron and the nearby nucleus. This dipolar
interaction is inversely proportional to the distance r and it is governed by the expression:

𝑇

=

eq. 5.2

where gelectron is 2.0023, gproton is the proton nuclear g value, e is the electron Bohr
magneton, proton is the nuclear Bohr magneton and h is the Planck constant. The utility of
eq. 5.2 will be shortly discussed. Briefly, the simulation is performed by adjusting the
distance r from which Tdip and hyperfine values can be obtained as discussed later.
5.2.2 2H ESEEM in Deuterated Environments
Earlier, it was mentioned that deuteration of the matrix may be employed to
increase the Tm of the sample. In other cases, systematic deuteration can be performed to
study the interaction between the electron spin and the surrounding nuclei whereby the
number of nuclei and the distance can be determined. Fig.5.4 shows ESEEM from 1 mM
Butyl vanadate complex in OTP. The deuteration was performed at the NH position of the
R3NH+ counter-ion (see Fig.4.7) to understand the counter-ion interaction with the V(IV)
center in the solution and determine whether the counter-ion is still attached to the V center
in solutions.

150

The data were acquired with a  value of 200 ns which was incremented in 12 ns
steps, and 512 points were accumulated. The fixed time T was 300 ns and data were
acquired at 3405 G, which is the maximum peak in the echo detected spectrum. Orientation
dependence of 3pESEEM was checked and no different observation was made. Orientation
in this case simply means different position in the powder spectrum. The EDFS of the
vanadate complex (Fig 5.3) is a very wide spectrum spanning thousands of G and this is a
typical case where the pulse will excite only a fraction of the spectrum. When no field
dependence is observed, ESEEM was only acquired at the most intense line in the spectrum
to gain a better signal to noise.

1.2
1
Norm. Int

0.8
0.6
0.4
0.2
0
-0.2 200

300

Field/ mT

400

500

Figure 5.3 EDFS of the Butyl Vanadate complex at 80 K in OTP. Arrow shows
position where ESEEM was acquired.
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To speed up the simulation and minimize uncertainties from the 1H modulation, no
1

H was included in the simulation of the deuterium modulation. This is because when there

are too many nuclear spins involved, the simulation becomes extremely slow. The
simulation of the experimental data was performed in Easyspin using the saffron function
[47] to gain insight into the number of equivalent 2H nuclei and their distance from the
electron spin center which in this case is the Vanadium ion in the Butyl vanadate complex.
In a case where there are equivalent nuclear spins interacting with an electron spin, the
modulation depth (k in equation 5.1) will be proportional to the number of equivalent nuclei
[14]. Therefore, the simulation focused on matching the modulation depth from the
experimental data to that of the simulation. It was determined that the modulation depth of
the simulation for a single 2H nucleus was deeper than the experimental modulation depth
thus leading to the conclusion that the sample in OTP was partially deuterated (Fig.5.4).
For relatively distant nuclei, the distance r is estimated from the phase reversal (observation
of a null followed by increasing depth of the modulation) of the time domain signal (point
shown by arrow in Fig.5.4) using eq. 5.3 from [119].
r(Å ) = [10.7*(Tp + τ)µs ]1/3 eq.

5.3

where r is the distance in Å, Tp is the phase reversal time (shown by arrow in Fig.5.4) and
τ is the inter-pulse delay. The time where the reversal occurs depends on the inter-pulse
delay (τ), the distance between electron and nuclear spins (r) and the isotropic hyperfine
constant (aiso). Once the distance is determined as described above, the anisotropic dipolar
interaction of the hyperfine (T) can be determined by using equation 5.2. The three
principal values of the hyperfine can be obtained as Ax = Ay= aiso +2Tdip and Az = aiso+2Tdip.
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The aiso required to simulate the time domain signal was very small and about 0.016 MHz.
To simulate the intensity decay as a function of τ, small quadruple couplings of about Q x
= Qy = -0.0285 MHz and Az = 0.0570 MHz were included. The position of the phase
reversal in the simulation was in good agreement with the experimental data supporting
the value of r obtained with eq.5.3.
In our investigations, the phase reversal was mostly independent of the modulation
depth which indicated that all the interacting spins are located at the same distance from
the electron spin. Although the distance obtained in the simulation was r = 3.1 Å which
matched the distance in the crystal structure, the lack of two 2H nuclei in simulating the
data was the basis for repeating the experiment. In experiments that involve deuteration,
back-exchange of 2H with protons in trace amounts of water is possible and could lead to
incomplete sample deuteration.
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Figure 5.4 ESEEM of 2H in a Butyl vanadate complex in OTP. Orange=
simulation, Blue = experiment. Simulation parameters were: one 2H nucleus
with aiso = 0.016 MHz, at r = 3.1 Å, Ax=Ay=0.390 MHz, Az = 0.829 MHz,
Qx=Qy = -0.0285 MHz, Qz = 0.0570 MHz

In a separate experiment, a Butyl vanadate complex deuterated at NH (ND) of the
counter-ion was prepared in a Ti diamagnetic analog. This time, the 2H modulation was
deeper (Fig 5.5) than prior experiments in OTP. The Fourier transform of the ESEEM data
showed a relatively narrow peak at the deuterium frequency. The absence of splitting
indicated that the nuclear hyperfine and quadrupole interactions are weak. By performing
the simulation of the experimental data, it was observed that there is a good match between
the modulation depth of the simulation and the experiment. This confirmed that the sample
had two 2H nuclei interacting with the electron spin as expected. In addition, the distance
between electron spin and the surrounding 2H nuclei was obtained by simulation of the
phase reversal of the time domain signal. There was good agreement between the ESEEMdetermined distance and that observed in the crystal structure confirming the hypothesis
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that the counter-ion in the Butyl vanadate complex was still attached to the V 4+ center in
the doped solid. Fig.5.5 shows the simulation and experimental data. Matching the
experimental data to the simulation required two equivalent 2H nuclei each at distance r =
3.10 Å. The quadruple coupling explained in Chapter 1 is a spin interaction that was also
used to accurately simulate the experimental intensity decay, but an acceptable fit could be
obtained without the quadruple coupling inclusion.

Figure 5.5 Simulation of the ESEEM for deuterated Butyl vanadate complex in a
diamagnetic Ti analog to determine the distance and number of nuclei interacting
with an electron spin. Simulation parameters were: two equivalent 2H nuclei with
aiso = 0.016 MHz, at r = 3.1 Å, Ax=Ay=0.390 MHz, Az = 0.829 MHz, Qx=Qy = 0.0285 MHz, Qz = 0.0570 MHz

The discussion above demonstrated the utility of ESEEM in understanding the
electron spin environment and gaining information about the nature of the sample. In
addition, ESEEM experiments often seek to extract frequency information from the time
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domain signal because frequency modulations in the time domain are difficult to interpret.
To obtain explicit frequencies, FFT of the time domain can be performed. At a magnetic
field of 3500 G which ~ g = 2 for X-band, the frequency of 1H is ~ 14 MHz. At the same
field, the frequency of

2

H is ~2.2 MHz. Therefore, in protonated or deuterated

environments, the FFT of the time domain signal should produce these frequencies
depending on how close the electron spin is to the nuclear spin or how strong the interaction
is.
In 2pESEEM, there will be fundamental and double frequencies. This means that
an FFT of a 2pESEEM time domain signal where there is 1H modulation will produce
frequencies at about 14 and 28 MHz while that of 2H will produce frequencies at about 2.2
and 4.4 MHz. On the contrary, the FFT of 3pESEEM will only produce the fundamental
frequencies. Fig.5.6 shows an FFT of the 2pESEEM time domain signal for a deuterated
butyl vanadate complex in OTP. It shows a frequency of ω I (2H) = 2.287 MHz which is the
fundamental nuclear frequency of 2H at 3500 G. In addition, there is a double quantum
frequency which is ~ 4.8 MHz. Because the complex has 1H on the alkyl chains and in the
matrix environment, there is also a 1H modulation which is ωI (1H) = 14.9 MHz and its
double of ~28.9 MHz as shown in the FFT spectrum.
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Figure 5.6 An FFT of a 2pESEEM time domain signal for a deuterated
butyl vanadate complex in OTP.

5.2.3 10B and 11B ESEEM in phenanthrenedione radical
In a quest for understanding electron-nuclear spin interactions in a
phenanthrenedione radical beyond the hyperfine shown in Fig 1.4 and 1.5, deep nuclear
modulation in spin echo decays of
10

10

B and

11

B was analyzed. EPR measurements for a

B-containing heterocyclic phenanthrenedione radical (Fig.1.3), were made at X-band in

9:1 toluene: dichloromethane [16]. Since no anisotropy was resolved in its echo detected
spectrum, 3pESEEM was performed at the maximum of the EDFS. Solutions were
prepared in toluene or 9:1 toluene: CH2Cl2 with concentrations of 2 mM for ESEEM. The
CH2Cl2 was added to enhance glass formation at low temperatures and samples were
prepared in 4 mm OD quartz tubes. Electron spin echo envelope modulation (ESEEM)
experiments used the 3-pulse sequence /2--/2-T-/2--echo, incrementing T. Data were
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acquired with several values of

 to avoid the “blind-spot” which misses certain

frequencies due to  selection.
Boron isotopes 10B (I = 3) and 11B (I = 3/2) have large nuclear spins which means
that they may have significant quadrupole interaction introduced in Chapter 1. If the
quadrupole interaction is significant, the ESEEM for these isotopes may become complex
where many features can be observed in the frequency spectrum as observed in this study
[16]. The ESEEM exhibited the expected nuclear modulation frequencies for 10B and 11B
in 3pESEEM, with some uncertainty due to unknown quadrupole couplings values [16].
During these studies, it was shown that the echo modulation of 10B is complex and difficult
to simulate due to possible complex interactions and tensor anisotropy dominating
ESEEM. The quadrupole coupling is not resolved in the CW spectra and ESEEM is the
most suitable method for studying this interaction. The ESEEM investigations in this study
helped gain insight into the magnitude of the quadruple constant (Cq) where it was
estimated to be between 3.5 and 4 MHz for 10B from spectral simulations. Fig.5.7 shows
a representative time domain signal and the corresponding FFT for 10B modulation in the
isotopically enriched (C6F5)2B(O2C14H8) radical.
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Figure 5.7: Time domain signal 3pESEEM and the FFT for 10B modulation in 10B
isotopically enriched (C6F5)2B(O2C14H8) radical at 20 K. Adapted from 16

Because 10B has stronger quadruple interactions compared to 11B which dominates
the natural abundance spectrum, it was observed that the FFT spectrum of the natural
abundance B has less spectral features than that of 10B as shown in Fig.5.8. There are broad
features covering a wide range of frequencies and the frequency spectra are not resolved
as in

10

B. The experiment was done with two different τ values to avoid blind spots.

Although the measurements are displayed individually, in principle they should be summed
up to get a total spectrum not affected by ‘blind-spot’. The experimental parameters for
acquiring the data were the same as in 10B. The complexity of the FFT spectrum shows that
the quadrupole interaction may be significant in these radicals. This is another example
where the ESEEM becomes a good method for unraveling complex spin interactions that
may not be resolved in CW spectra.
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Figure 5.8 FFT of the 3pESEEM time domain signal for the
natural abundance B in the (C6F5)2B(O2C14H8) radical at 20 K.
Figure from 16
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Chapter 6: Summary and Future Work
6.1 Summary
Temperature dependence of electron spin relaxation in various nitroxide spin labels
was studied. For nitroxide spin labels without methyl groups, no methyl rotations
enhancement in 1/Tm was observed. Compared to MTSL which is a commonly used spin
label in DEER experiments, various nitroxide spin labels with improved design presented
in this dissertation have longer Tm values in the temperature range studied (4 to about 260
K).
Other strategies for increasing Tm were discussed in section 2.6. The use of
macromolecules that form inclusion complexes with nitroxide radicals were explored. It
was demonstrated that Tm becomes longer in the presence of CB7 and β-CD. The increase
in Tm when CB7 and β-CD are added to EPR samples is evidence that the use of
macromolecules that form inclusion complexes with nitroxide radicals can be efficient in
increasing Tm. It was also demonstrated that β-CD and CB7 can potentially hinder
conformational flexibility thus narrowing distance distribution in DEER experiments.
The possibility of conducting DEER experiments at high temperatures was
explored. Although the signal to noise can be poor, it was shown that it is possible to
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successfully immobilize a doubly labelled protein in rigid environments such as trehalose:
sucrose and obtain acceptable distance distributions.
Fitting Models and Relaxation Processes for T 1
Various methods for fitting the T1 inversion recovery were explored and compared.
For most of the samples, T1 data are fit with a sum of two exponentials. The long
component from this fit is attributed to T1. When there is a possibility of T1 distribution, a
stretched exponential fit can be used because it directly accounts for the distribution. The
presence of g strains and defect centers can cause very wide distributions as observed in
the temperature dependence of 1/T1 measurements of Fe-S clusters and irradiated B2O3
glasses. For such data, a model-free distribution (UPEN) can be used.
It was demonstrated that when the concentration of the sample is elevated, there is
a weak temperature dependence of 1/T1 at very low temperatures. Fitting data with a model
that accounts for spectral diffusion gives T1 values that are slightly different from those
obtained by fitting the inversion recovery with a sum of two exponentials especially at very
low temperatures (4 to 8 K).
Processes governing T1 within various temperature ranges were explored. The
direct process dominates 1/T1 below about 4 K and as high as 10 K. This process was used
to model the temperature dependence of 1/T1 for various nitroxide radicals and d1 transition
metal ions species (V (IV) and Mn (VI)). The Raman process is an efficient T 1 mechanism
in many rigid lattice samples and was used to model the temperature dependence of 1/T 1
in nitroxide radicals and transition metal ions (V (IV), Mn (VI)). Below the Debye
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temperature, its contribution to 1/T1 is proportional to T7 or T9 and well above the Debye
temperature it is proportional to T2. The local mode processes may be interpreted as the
vibration of the molecule including its interaction with the surrounding matrix. Modeling
of 1/T1 for nitroxide radicals and transitions metal ions (V (IV) and Mn (VI)) included the
contribution from this process especially at high temperatures.
Fitting Models and Relaxation Processes for T m
At very low temperatures, the 1/Tm rate for organic radicals and some metal
complexes is dominated by nuclear spin diffusion. Echo dephasing driven by this
mechanism is characterized by a stretched exponential decay with a sigmoidal curve and 
> 1. If there is another mechanism such as methyl rotation or any dynamic process, T m
becomes shorter and can be fit with a single exponential or a stretched exponential with 
< 1. At higher temperatures, the most dominant mechanism are methyl rotations, and
motional modulation of g and A anisotropy.
6.2 Future Work
The results presented in this dissertation (Chapter 1 to 5) are based on a work that
has been published or submitted for publication. There are preliminary results that have
been obtained for multiple other projects. These projects include radicals in irradiated
boron oxides, coal samples, and chlorine hyperfine interactions.
a) There are coal samples that are used as standards such as the Bruker coal sample
provided by Bruker Biospin for pulse EPR experiments. There is also a subbituminous
NIST coal used as a standard reference material employed in determination of sulfur,
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mercury, chlorine, and ash content. In addition, there are other many types of coal samples
produced from various mines around the world. We have so far investigated those from
Castle Valley Mine in Utah and Victoria Mine in Poland. Preliminary measurements show
that some have Free Induction Decay (FID) while others produce electron spin echo. Our
current observations show that due to high spin concentrations, instantaneous diffusion is
significant in these samples where using different π/2 pulse lengths give significantly
different T2/Tm values. Future experiments will be needed to fully investigate the types of
relaxation mechanisms that dominate T1 in these various coal samples. Since it is difficult
to estimate T2 with FID in these coal samples especially when several measurements are
sought, a lot of effort will be needed to figure out how to minimize FIDs to accurately
measure T2 if for example, temperature dependent measurements are of interest. It will also
be crucial to understand the frequency dependence of both T m and T1. Although hyperfine
may be present, it is not resolved in the CW spectra. To understand the environment of the
electron spin, ESEEM will need to be used to characterize the electron spin environment
and specifically gain an insight into active nuclear spins present. These investigations may
guide future EPR research on coal samples.
b) Irradiation of boron glasses produces many defect centers that generate complex
EPR spectra (Fig.6.1). The anisotropy and hyperfine structure in these spectra are not
straightforward to interpret. Future experiments could include detailed simulations of the
spectra to gain insight into the spin interactions and strains (g and A strains) that influence
the shape of the spectrum. To understand the environment around the electron spin,
ESEEM will need to be used to measure the nuclear frequencies. To identify couplings that
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are difficult to measure either in the CW spectra or one-dimensional (1D-ESEEM), the
hyperfine sublevel correlation (HYSCORE) spectroscopy [120] is the method that can be
used. It spreads out the Fourier transform frequencies into a 2D space where the hyperfine
constants from weakly and strongly coupled nuclei become easier to analyze. Insight into
the magnitude of the quadrupole interaction can be gained by simulating the HYSCORE
peaks. Since the spectra are relatively wide and different centers are assumed to be
generated when the sample is irradiated, orientation dependence of both ESEEM and
HYSCORE will need to be performed to obtain the most accurate frequencies.
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Figure 6.1 CW of 𝛄-irradiated (20 Mrad) boron oxide glasses at X band.

Preliminary ESEEM data showed expected frequencies for the natural abundance B
isotopes (10B, 11B) in isotopically enriched boron glasses. We observed the 1H modulation
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even though it is not expected to be present in boron glasses. It is assumed that the 1H
modulation comes from incomplete removal of 1H during sample preparation which starts
with B(OH)3. To better characterize these glasses and minimize the uncertainty in the
spectral simulation, a lot of effort will need to be made to completely remove 1H.
c) For trityl with chlorinated phenyl rings [121], the Cl hyperfine is not resolved in
the CW spectra. There has been less interest in the EPR of Cl hyperfine because of its very
small hyperfine splittings [121] and difficulty in resolving this splitting in the EPR spectra
due to the naturally occurring mixture of 35Cl and 37Cl both having a nuclear spin of 3/2.
We seek to understand the effect of Cl hyperfine on the linewidth of the CW spectra.
Preliminary simulations relying on computational hyperfine values obtained by the
laboratory of Prof. Neese showed that the Cl hyperfine couplings are in good agreement
with experimental linewidths in the CW spectra of perchlorotriarylmethyl tricarboxylic
acid (13C-PTMTC) and polychlorotriphenylmethyl (PTM) at room temperature. Further
simulations of the CW spectra should be continued to refine the Cl hyperfine coupling
parameters. The quadrupole coupling in Cl is so significant that it is larger than the Zeeman
chlorine frequency [122]. Preliminary results show that 3pESEEM of Cl in chloranilic acid
is characterized by a deep ESEEM modulation. This ESEEM is not prominent in
chlorinated trityl radicals. Although the electron spin density is significant in the phenyl
rings, a shallow ESEEM modulation in trityl implies that as Cl gets further away from the
electron spin (which is more significant at the central carbon), the interaction becomes
weak. Simulation of the experimental ESEEM will be needed to estimate the magnitude of
the quadrupole coupling and possibly understand whether it affects the CW spectra.
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